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This research was concerned with the measurement and
1nterprétation of electrical potentials‘existigg'between
:different parts of intact plants.i.The topic was originally
¢hoaen becauée’élthbugh the,obserVations of Schrank on the
féiétionship between tropiems and changes in the bioelectric
pbfential'pattern of the oat coleoptile were often
mentioned in passing in the literature, they had not
in?éeﬁérai beén independently confirmed, and it seemed that
they were wéfthy of a more detailed studyg Experiments '
on_changés;in“pOténtial.inffunéi under.trgpicfstimulation.
whéré aukins'do’ﬁot'complicate the pictqré, also offered

. posaibilities.n

carrled out in this department, it was first necessary
to develop apparatus which would give accurate and
reproducible measurements of such potentials. Using this
epparatus it was hopedi-

| (a) To repeatAﬁrevipus;published work to assess the
&suitéﬁility of the techniques employed, and also, as
further éxpériénqe was gained, to review the validity of
some published results. F o

(b) To 1nveatigate the bioelectric potentials reported to



1

develop prior to tropic responses in plant tiseue and

ascertain if these were the cause or effect of the responses.
}{W?e)nTo inveéfigate bioelectric potentialg in, fungi.,

All these objects have to some extent been achieved, but in the

‘_course of this research several other _topics have been

1nvestigated, for it was felt that,; .as the development.

of the apparatus ‘had occupied such a consxderable time. a

'broad survey of the different aspects of bioelectric potentials,

whlch would indlcate the potentialities of the apparatus

and the range of possible appllcatlons, would be or more

value at this stage than a detailed study of one aspect:

In writing‘thisvthesis.;it“seemed‘dagitahle§to,devote a
separate chapter to each topic. Encn,phgptgg is self
contained, having its own summary, literature survey, conclusion
and reference. section. .The chapters, withzthefgxception,of_

the first, are as nearly as possible in chronological order.

Chapter one gives details of all contact systems and electrodes

'developed; even though some -were not developed until late in

the research. ,
i It muet be stated right at the beginning of this thesis
thatithgiphenomenon_gf bioelecﬁri@tpgtenti@;s,appaared far

simp;er at the commencement than on completion of the research;..



and whereas in the opening stages the problems of measurement
loomed large, and the interpretatlon seemed straight forWard,

now the Opp081te view holds.

A -
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CHAPTER 1,

THE MEASUREMENT OF BIOELECTRIC POTENTIALS

SUMMARY

Problems involved in the messurement of bloslectric potentisls
sre discussed, then the various possible methods of messurement sre
surveyed; camprehensive constructionsl deteails for the eleotrodes
snd contacts used in this work, snd specificetions of the chosen

potentisl messuring equipment ere given.



1.1

A major problem involved in the messurement of electricsl
potentisls in plant tissues is the high resistence of the tissues.
It cen be proved thet this necessitstes the use of s meesuring circuit

whose input resistence exceeds thst of the source by several orders of

megnitude if the potentisls messured ere to besr s close relstionship

to those ectuslly existing.
.+ To show thst the resistence of the messuring instrument must

be lsrge oompered with thet of the source, if the yoltege messured is
to spproximete to the ectusl E.M.F.

Let the E.M,F, of the source be E snd its internsl resistance R.
Let the voltsge meesured by the instrument be V end its internel
resistence be R ¥, | ‘
" When the instrument is in the circuit let s current I flow.
Therefore the voltege drop scross the instrument sV=R'I, -(1) (By
Olm's Lew) end the voltasge drop ecross the source = RI.
Therefore EsR'I +RL » I(R™+R) -(2) (By Kirohhof€'s Lew) end
substituting (1) in (2) E oVeRI,
If V is to be spproximstely equel to E then RI must be smsll in
campsarison, i.e. E® must considerably exceed R.
If R® is one hundredth of R, then V= 0,99% of E.
R® is one tenth of R, then V= 9,09% of E.
R" is R, then Vo 50% of E.
R® ic ten times R,  then V= 90.9% of E.
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1.2.

R is one lumdred times R, then Vo 99% of E.
"B 15 one thousend times R,then Ve 99.9% of E.

Below sre listed écme crude resigtence messurements msde on Ost
coleoptiles, using » flowing 1iquid contect.snd Zinc/Zinc Sulphste
eléﬁtro&es, o8 usuelly employed in this work. 'The messuring instru-
ment used wes an‘kvo Model 8, -

‘ Resistence of é peir of electrodes = 1,150 ohma.

Resistence of s pair of electrodes end liquid contscts =

:  9.x10° clms.

IResistanoe of e peir of electrodes and 1liquid contects, with s
oéntimetre length of coleoptile tissue'between e 1 x 106 ohms,
 Therefore the resistence of the coleoptile tissue » 5 x 10° ohms.
The meesuring cirouit~the§efore should have 8 resistsnce grester
.than 108 ohms, when the disorepsncy between the actﬁal snd meesured

potentisl will be no greater than 1%, - |

Observing this principle will ensure the leest disturbance in
'the ﬁagnituﬂe snd pathways of the natursl current flow,

Bearing the ebove in mind, there sre three possible methods of
Qeasuring the potentiels, esch of which will be deelt with sepsrately
iﬁ fhe following sections,

Section A. Attechment to the plsnt of contects leeding vis none

"atizable reversible electrodes to the mea

This is the method thet hed generslly been used snd was the one

chosen for the msjor pert of this resesrch. There sre three espects to




1.3

conaider with regard to this method:~
(a) Type of messuring instrument,
r(b) Type of electrode system.
(o) Type of contsot system meking sttsciment to the plent.

La) Measur__& Inatruments .

'l‘here are four possible types of measuring instrument.
(1)  Eleotrostetic instruments.
(11) Gelvsnometers.
(411) Potentiometers.
(4v) Eleotronic instruments:
(1) Eleotrostetic instruments heve been widely used as they hsve the .
| sdventege thet there is no current flow through them, other than by way
of insuletion lesks, end their input resistauo;e is thet of their
insulstion. |
- Exemples of their use ere:-
Heeke's (1892), Lippmen's cspillsry electrometer.
Clark's (1938), Wulf String electrometer.
Lund & c&-workers' (4947); Compton-type qusdrsnt electrometer.
Their mein dissdventeges are the problem of devising s method of
continuous recording snd their relestively slow response.
(41) Gelvencmeters ore current messuring instruments end therefore
there must be e flow of current in the messuring cirouit. These too

hsve been widely used in the psst. Weller (1900), used s Thomscn
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wirror gslvenometer which from his published resulis msy be cslculsted
to heve had en input resistence of 5 x 105 ohms. His quoted resistences
for the plent tissue sre 5 x 10° to 106 ohms. The magnitudes of his
reported re@ts must heve been less then 50% of the true potentisls.
Wsller (1925), used e D'Arsonvel gelvsuometer of imput resistance
of only 1800 ohms, Since'his results ere not grestly different from
those of other workers, it seems that his eleotrodes, contsots snd plent
tissue, mnst have hgd ext:eme;y low resistsnces! Relm (1936), slso used
-} gslvsnometer,but no ;asistanqe vslues sre given, He guotes s velue of
105 ohms for.thc tissue resistence. ?@e recording methods used with
sensitive gelvsnameters sre generslly photogrephic, . Their msin dissd-
' vantagés ere thelr relstively low input resistence end the difficulties
of . continuous recor@ing. '
(111) In the use of potenticmeteré, the ourrent led off from the plsnt
tissue is bslanced sgeinst sn externsl source, using s cslibrated
potentiometer ciroult snd & gelvenometer or other current-detecting
| ihstrument to determine the null point. This is the point when the
externsl potentisl spplied by the potentiometer is exsctly equal to the
EM.F. of the plant tissue; no current is then flowing in the leads
from the tissue. Either side of the bslsnce polnt e ougrent is spplied
to.or.drawn from the tissue; (its magnitude end durstion depend on fhe
distence from the bsleuce point, the time to find the balence snd the

resistences of the null point detector snd plent tissue.)
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Using suiteble velve circultry the instrument resistence can be
mede very high snd the current therefore very smsll, There is this one
saventage With.the method, thet et the bslance point mo current is being
drown .from the tissue, end the E.M.F. of the plent tissue is messured.
However; there sre & number of disedventsges; smsll ourrents mey be
spplied to the tissue, continuous recording is difficult, end where self-
bolancing potentiometers ere employed, the input resistsnce does not
exceed. 106 ohms, .

.- The potentiometer method wes us;sd by Rosene (1937), end slso by
Schrenk (1947), in some work. Galvsnometers were used es null point
detectors. ‘ A
(iv) Electronic instruments have slmost entirely been used in recent
work. . A normel velve voltmeter hes sn input resistence of spproximstely
107 ohms whilst electrometer circuits using selected tubes hsve input
resistsnces up to 1012 ohms,.

. Into 8 specisl cless in this group comes the Vibrating Reed
Electrometer which is bssed on ¢ dynemic condenser snd has an input
resistsnce ss grest es thst of the insulstion. It shows & grester
stability thsn vslve electrometers. All the instruments hsve outputs

suiteble for externsl recorders snd casthode rey oscillogrsphs,

A vibrating reed electrometer wes the cbvicus choice and the

instrument selected was & Vibron 33B whose input resistence exceeds 10""
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olms. The output fram this wes fed into en Elliot pen recorder.

. The high end low input terminsls of the Vibron hsve been used
in this work, the low generslly being comnected to eerth, The lesds
from fhe eleétrodes were connected to these two terminels; the potentisl
end polarity indicsted by the Vibron is thet iof the high terminsl with
respect to the low, In the results, when the electrodes snd contects
are referred to -ss high or low, it is-indiceted thet the i)otentials
sud polerities being messured were those of the.high contact with
respect to the low. This hes been sbbrevisted to High/Low in some
results; e.g.-2/1 indicstes the potentiel of contsct 2 with respect
tb -contact 1.

(b)  Electrode Systems. The electrode is necesssry for the transfer

of the charge from the contect medium to the input wires of the
meaéuring instruments. The electrodes used must be gonépolarizable,
i.e. the psssege of a8 current through the electrodes must lesd to

no changes in the potentiel measured by the electrodes brought sbout
by ohenges in the electrodes themselves. | They must slso be reversible.
In s reversi‘!;le electrode, when no current is ‘flowing no resction is
teking plsce, and when s ourrent is flowing in one direction, the
resction is exsctly equsl snd opposite to thet when flowing in the
other. It is necessery to use s peir of such electrodes to meesure
the potentisl, for when this is being done s current is flowing in

ocne difection through one electrode, énd in the other direction through

the other. If the two resctions sre not equsl end opposite, this in
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itself could affect the meesured potentisl.
6.8+ Zinc/Zinc Sulphete/Contact/Flant/Contact/Zinc Sulphate/Zinc

, Medium Medium
| o | | B
-Helf cell : Helf cell.

It is aléo éésential thst there should be no potential produced due to
the elebtfodes, yet; since @ reversible half-cell shows & potentisl
chareoteristic of the metsl snd solution oamposing it, it is necesssary
tb use‘fwo'similér helf=cells in the circuit so %hat their potentisls
will be equei snd oﬁposite. .

The tﬁo'fypea of noh-polarizable reversible helf-cells of usa‘
in 5iologiéal'work afe (8) A metsl dipping into o solution of its ions
€elle Ag/thI. Zn/ZnSO ' These ere reversible with respect to cetions.
_ (b) A metel in oontsct with cne of its
insoldﬁle selts immersed in a solution of soluble sslt of the seme
enion e.g. Hg/HgC1 2/xc1' ~Cslomel holfecell, This is reversible to
eniona. h

The importence of the difference betweén electrodes reversible
to cations end snions will be mentioned in the chapter on the sources
of bloelectric potentisls.

It wes felt thet ss the messuring instrument was to heve sn
input resistence of 10'* ohms end the meximum potentisls expected
were 100 milliVOlts (when the current flowing would be 10"15 smps.,

end the number of electrons involved would be only 6,290/second), thst
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ﬁolarization end revers;bility could be ignored and some new end
éimblér'eléctrodes tried.
' The first aystem trieg was steinless steel/deionised water.
At first steinless steel hypodermic needles with the tips grnund flet
end mounted normslly on hypodermioc syringes were used. The hypodermic
syriﬁge could be used to expel & drop of liquid and thereby moke
contsct. The leeds to the electrameter were atteched directly to the
steinless steel needles. When two such electrodes were brought into
coutact, potentisl differences (P.D's.) from 10 to 100 millivolts were
found to exist between them, This, it was suspected, could hsve been
due to the brass rubbed off from the clesning wires on to the inside of
the_needle bore, setting up smsll electrolytic cells. The needles were
then washed with concentrsted nitric scid, when it wes revesled thet
in fact the needles beses were of pleted brassii

Undeterred, needles were msde up using nerrow steinless steel
tubes pushed into polythene blocks into which the hypodermic syringe
could s8lso be pushed., These still geve potentisls, though not es
large as‘befores the potentisls did not dissppesr sfter the most
careful éleaning of the needles.

Another ides then tried was the use of steinless steel/grephited
oll contects, If these had worked then there would hsve been no
problems from the e§aporation of contsct liquid. Unfortunstely, o |

mixture of colloidel grephite end white psraffin geve zero conductivity.

|
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Acheson Collids Limited were approsched snd in s most helpful
letter seid thet dispersions of grephites in liquid form have low
conductivities but kindly provided s ssmple of "Gredag" graphited '

' conducting greese, Grade Y.B., for us to try; the resistence of e

"2m., portion extruded from e size 20 hypodermic needle was 107 otms
bu_t wes verieble. Using such a grsphite contect, o tappihg wes taken
off 8 length of resistence wire giving s P.D, in the 100 millivolt renge.
The P+D, messured using the Vibron wes highly verisble and sensitive to
vibretion (c.fs Cerbon microphone). Even with the input resistence of
the Vibron, veristions in fhe resis:bar;ce of the grsphite contsct were
spperently af?ecting the measured P.D, |

. A deteiled survey of the litersture wes now mede to see whst
ofher electro.des hed been tried. ‘

Weller (1900), used DuBois=Reymond's electrodes (Zinc/Zino-
Sulphete), He steted thet D'Arsonvel's (Silver/Silver oloride) &
eleotro(;es showed s P.D, of 2 to 3 millivolts on illuminstion by & 16
candle-power lemp st 10 centimetres, whilst under similsr conditions
the Zinc/Zinc Sulphste electrodes geve 8 response of only oue tenth of
s millivolt. .

Lund (1923), found thet for the messurements of potentiels of
less then one millivolt Zn/ZnS)k electrodes were not sufficiently

steble. He also found thet Caslomel electrodes were susceptidble to

light, e veristion of 0.2 millivolts being experienced, snd that Cé/CdSOh

S
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1.12.

sulpuric scids Lster, Atlas syringes of 5 millilitres cepacity were
obteined snd were used in the remsinder of the resesrch (Pigure 1.3.).
The Zinc rods in these ere of 0.5 cms diemeter end sre dursble sfter
smplgemation. Electrodes of this type rerely need attention more
f'requently‘than once & month. Eerly versions hsd no egsr on each
side of the "Polyfills", cellulose plaster plug, but this wes leter
introduced to prevent erosion of the plug. In the lstest types this
eger has been replaced with cotton wool plugs. Fortunstely with this
size of hypodermic syringe, the plunger is hollow, with & sorewed csp,
facilitsting the electrode conversion.

(c) Contect Systems

An extremely wide veriety of contect systems have been used
‘by other workers; end sorﬁe of these ore listed below:-
Ager contacts Clerk (1937).
Hope (1951).
Siniuchen smd Stolarek (1962).
Grahm end Herts (1962),

Aoid free ksolin Shesrd end Johnson (1930).
Moistened felt brushes Wilcox, Knight and Bless (1953),
Moistened sbsorbent cotton Rosene (1937).

Moistened linen threads ~ Retm (1936),

Moistened sterch paste ~ Nishizakd . (1960). -

Sti1l1 1iquid drop contacts " Sehrenk (1947).
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1t has been widely reported in the litersture thet lerge
potentials due to injury cen be genersted in plent tissues (Heilbrunm, 1943).
It is essentisl therefore that the contact method used should ceuse es
little dsmage as possible to the tlssues and slso be little different from
& naturel situstion. It was thought thet e liquid drop contect system
simiiar to thst of‘Schrank, would be sppropriate, for there is no
difference between hils contact drop and @ nstursl rein-drop. The
system tried st first is shown in Figure 1.1, A drop of contgct mediun
could be expelled on to the plaat surfsce using the hypodermic syringe,
and contact msde via this. The reservoir enabled the system to be
washed out between experiments. This contact wes soon superseded by
the system in Figure 1.2. The hypodermic syringe scted ss the medium
reservoir; contect wes still made vie o drop of liquid expelled by
means‘of the plunger but the plunger itself contsined the electrode.
This wes used in experiments reported in Chspter 2, In future it will
lbe referred to as & "liquid drop" contect. A number of different
contact tips were developed for different purposes, e.g. Figure 1.2.
| A. Tip for meking s side contect with plent tissue.
B. Tip for meking contact et the splces of plants.
C. Tip for dipping into end msking contact vie the
plant growth medium,
.The usuel system sdopted in this reséaroh wes to have one

contact on the eerisl portion of the plent end snother in the growth
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medium. This letter contact, of course, wes little sffected by
evsporation or ion stsorption, ss the volume of medium involved wes
lsrges A short gless tube led directly from the growth medium to the
electrode. However, s will be releted in more detsil lster, experimentsl
evidence indiceted thet when the serisl contsct drop wes renewed by
expelling more liquid from the reservoir the messured potentisl wss
chenged. This drop renewsl wes necesssry to compensate for eveporstion.
Long experiments éould not be contemplated using this type of conteot a8
constent sttention wes necesssry.

| Scott, McAuley end Jeyes (1955), state that "the effect of
vorietions in sslt concentrstion st fhe' point of contect hss been slmost
im;ambly overlooked in previous investigations. S21t concentrstion
changes asre produced by drying end ere due elso to sslt uptske by the
plent. The resulting potentiel changes csn be quite large and sre often
greeter then the plent potentisl it is desired to messure". They
svolded the difficulty by messuring the potentisls existing in s water
beth, close to & root surféce, due to the eleotric currents genersted
by the roots. Osterhout end co-workers (1927), in seversl pepers
reported that they used flowing liquid contects of verious types in
order to maintein s contact medium of constsnt composition.

A new type of serisl contact was therefore enviseged using s
continuous circulstion of the contect medium. The first system tried

is shown in Figure 1.44. This wes completely unsuccessful, for the
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liquid ren round the periphery of the ring snd did not form the
expested drop.

. Then s system using two concentric tubes, the inner s feed tube
end the outer & vecuun tube (Figure 1.5.) » Wos tried. This wes
succéssfl:l end wes used in much subsequent work. I+t wes found thst
the size of the drop formed on the plent surfsce could be controlled
by sdjustment of the feed rete, the vacuum, end the position of the
end of the vecuum tube.

In the eerly experiments ettempts were mede to recirculete the
contsct medium. This is shown in Pigure 1.6. A single contact
mediun reservoir wes used, the medium dripping into funnels feeding
the contact systems. There wes s single collecting flask for the
exhsusted contect medium, and from this the contsct medium wes pumped
" beck into the reservoir. This system, surprisingly emnough, could be
made to work but sdjusting the rates of flow to sttein true
recirculstion wes 8 formidsble tesk, and it wes sbsndoned in favour
of the system shown in Pigure 1.7.

At this stege it is instructive to consider the rates of
renewsl of solutions in the contect drops. The inner contact tube
hed en internsl tip diameter of sbout 0,5 millimetres. The dismeter
of the contact drop wes slso of this order. The contsct wes ususlly
pleced et & distence of 1 millimetre from the plant surfsce so the

volume of this contect drop wes:-
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TI x 0,025 x 0,025 x 0.1 millilitres.

=4 1.'961[ 104',

millilitres.,
The oonteot medium reservoirs were of 300 millilitres cepecity, and
the feed rate wss ususlly of the order of 1 millilitre per minute but
in longer experiments it wss dropped to 1/6‘t:h of this rste., This
gives 8 rote of renewsl of the oontact drop in the first case of 8,
per second, and in the second of 14 per second. It is obvious that
this wes quite sufficient to prevent the} contact medium showing sny
chsnges due to outwerd movement of ions from the plent tissue or inward
movement from the contect medium, end concentretion chenges due to
eveporation, This contect system wes extremely go;ad for most purposes
end will in future be referred to s & "flowing drop contsct". It
. hed however rether & smsll contsct aréa with the plent, snd slso the
plent, due to nutstion movements etc., could move swey from it, For
, some experiments & ring contact such #s we hsd ettempted to develop
before, scemed more sulteble. Such & contect wes later most success-
fully developed (Figure 1.4B), end will in future be referred to es s
"flowing drop ring contsct”. A

The poasition of the vecuum tube wes highly criticel for the
successful formstion of & drop. The photogrephs (Plate 1) show the
plosit‘ion in s successful contect. As will be reported lster this type
of flowing drop ring contect hss elso been oused to epply suxdn to
coleoptiles and it is felt that the use of such @ system offers meuy
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sdventages over the conventionel sger block. This will be discussed
in more detsil in Chapter 6.

The polythene rings were of sbout 0.5 centimetres dismeter, snd
sssuming s perfectly hemisphericsl drop, with the previously quoted
‘flow rstes, the rates of contact medium chenge were 30 per minute end
5 per minute respectively. Using this contasct, resdings over periods
of 48 hours hsve been obteined without disturbing the plent in sy wey.

Subsequent to these developments, & reference wes found to 8
system similer to fhe flowing drop contect (Newmen, 1959 end 1960).
His differed in that the electrode was plsced on the exhsust rather thsn
on the feed side of the contect., Newmsn's flow rete wes low compsred
with that reported above. Osterhout end co-workers used seversl types
of flowing contect but none compsreble with thet developed by ocurselves.

The flowing contsct medium contects have froved extremely
reliable}in use, giving reproducible results. It wes feared at one
time thet electro~kinetic potentisls, set up due to the contsct medium
flow, might heve interfered, bﬁf this does not seem to hsve been the
osse., For instence, the P.D. thet existed between é flowing drop ring
contect, ond 8 contect in the equivalent of the growth medium was gero,
when the plant was represented by & moistened piece of siring.

Also the following calculations on this point were worked out.
The.equation for electro«kinetic potentisls between the ends of a tube,

due to the flow of e solution throughAit, ig:=
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SDP
Be g TT73C
where j is the zets potentisl difference

between the solution and the tube.
D is the dielectric constsnt of the solution,
P 4s the pressure difference between the two
ends of the tube in dymes.
7 is the viscosity of the medium
C is the specific confuctence of the solution.
Since D)77 X, z are constsnts, depending only an the solution
and tube in question, then E should be directly proportionsl to P.
Kruyt end Willigen (1918), found the following results using dilute
KU1 end & glaes oa_pniory tube, " ‘

1;‘1:0 wetres' B in millivolts "'%‘ ’ _
10 ' 186 1215 ‘
50 605 ' 12,10 ‘

60 725 12,08

70 83 1,91

80 - 93 11.79

Exsminetion of s greph plotting %'agoinst pressure, shows thst

B ~ .
P tends to the conatent velue of 12,2 ot low pressures. (Figure 1.8).

Therefaore the equation of this greph of P.D. sgsinst pressure in
centimetres of mercury, fox; lowl preasures is E » 12,2 P millivolts,
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where P is the pressure in centimetres of mercury or E » :;ﬁf ov.

whe._re x is the pressure in dynes per sguare centimetre.

We heve used these results t‘oA calculete sn epproximste vslue
for the kinetic potentisls thet could be genersted. It is only
necesssry to csloulete the pressure drop in the tube between the
e_lectrode end the sctusl contact to determine the potentisel directly.

The pressure drop is caloulsted using Poiseuilles® Lsw,

i.e. P .-.-.@_/ \ where P is the pressure drop in dynes per

4 square centimetre,
Q is the volume of ligquid flowing in
millilitres per second.
7 is the viscosity of the ligquid.
I~ is the raaiue of the cspillsry contect.

For water @ 0.01.

Consider the situetion with regerd to our contect tube.
' A is 0.025 centimetres radius.

A B is 0.1 centimetres rédiua.

) C is 5.0 centimetres long.

Cc O D is 2.5 centimetres long.
Since the tube is drawn out into & point cepillery, snd is therefore
non uniform, it hes been trested es follows:~

(e) The pressure drop slong the uniform partion C hss been
eslouleted,
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() For the remsining non-uniform part of the tube, D, the.
minimum pressure drop, ss if it were not drewn out into e cepillary,
end the maximum drop, ss if this pert of the tube was of the tip

dismeter throughout its length, hes been celculated.

(c) Addition of the velues for C end the meximum 2nd minimum values

for the tepered region, D, giveé the meximum and minimum kinetic potentisl.

Celculated pressure drop slong C with e flow rate of 1 milli-

litre per minute » 21 dynes per squere centimetre.
Tl;erefore P;D. in millivolts » W - genersted between
the ends of C.
which spproximstely equsls 2,0 x 10° millivolts.
Minimum pressure drop along remsinder of tube, b,
= 10.5 dynes per squsre centimetre
! therefore the minimum P.D, generated between the
ends of D, is approﬁm;tely equsl

to 1.0 x 10° millivolts.

Therefore minimum kinetic potentisl genersted slong

Contact tube is 3.0 x i millivolts, epproximstely.

Meximum pressure drop elong remeinder of tube, 'D,'

= 2710 dynes per’ squafe ‘centimetres

therefore the meximm P.D, genersted between the ends

of D is spproximstely equsl to 2.5 millivolts.

therefore the meximum kinetic potentisl generatéd slong
the contect tube could be 2.5 millivolts spproximately.
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The P.D, sctuslly existing would be smoller then the meximum,
as this is celculsted meking pessimistic sssumptions. The flow rat_e
| on which these cslculstions sre bssed wes the highest normelly used.
Slower retes were more usuel end the potentiel therefore smsller.
Furthermore, where o psir of flowing contacts were used; the kinqtio
potentisls woulé tend to cancel out and even where the biocelectric
potentisl wss messured between s stetionery and s flowing contact the
velue of fhe kinetic potentisl could be no greate? than thet whioh is
often accepted es repsonable for elecfrode ssymmetry.
Chepter 1. Segtion B - Measurement of electriocsl potentisl differences

employing en ionising radiation.

The potential st e point on the surfece of 8 plsnt may be

messured by positioning s metel plate & short way off the plent surface
opposite this point, end meking the sir between it end the plsnt
conducting, by mesns of en ionising redistion (slphs perticles or gemms
reys). ‘

This system wes first suggested by Bluh end Scott (1950), end
sgein by Scott McAuley end Jeyes (1955). It hss howevez" never been
used on plant tissue. A

Andsuer (1927), eppesrs to hsve been the first to use the
principle when he attempted to messure the epsolute potentisl of the
Celomel electrode, His cirouit is shown in Figure 1.9 (1), He used the

rete of discherge of the chsrged electrometer (B), ss s messure of the
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sbsolute potentisl but igndred the contributions of the eir/1iquid ahd
air/metel plate interfeces. His first velue of the sbsolute P.D. of
the calomel electrode (A), wes +0.51 volts. 1In & lster paﬁer (1928),
he introduced corrections for these interfacisl potentisls which
altered the value to 96.2 volts.
The method hes slso been used to meesure the surface potentisl

of 8 film of en insoluble substance on a liquid. This is messured by
the effect of o surface film of the substance on the potentiel difference
et the sir/liquid interface. (Figure 1.5(2)).. The tip of the sir
electrode (C), is costed with s radioe-sctive msterisl providing slphs
perticles. The srrengement ;:onstitutes 2 complex electrolytic cell
with two electrolytes, the liquid in the trough and the ionised eir,
end three surfeces, the reversible electrode in the liquid (A) the sir/liquid
surface, snd the surface of the eir electrode (C). Only one of these,
the eir/liquid surfece, has its P.D. sltered by the presence of an
insoluble end non voletile film on the liquid., In practice therefore,
the overell P.D. without the film, is found by edjusting the potenticmeter
to give 8 null deflection on the electrometer (B). The film is then
spplied end the new balance point found. The difference between the two
readings gives the surfece potentisl.

Returning to plent tissue, it seems thet there would be two
possible methods of epproech, the first of which is shown in Figure 1.9 (3).
This could not be used to give directly the potentisl of the point with
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respect to the bsse, for there ere the following unimomn interfacisl
potentiels in the circuit which exist only 28 @ result of the sttempt
to messure the potentisl end which are not counter-bslanced.

i= Reversible electrode (&) Growth medium surface

. Alr/metel surfece (C).

This method is best suited to the study of potentiel chenges st ome
point. By teking resdings st two points, the difference between them
gives the sbsolute potentiel of one point with respect to the other,
for the interfscisl potentisls now csncel out. By the use of two
ionising probes, the ptential of one point with respect to enother
could be messured directly. No sttempt hss been msde to use this
method in this resesrch.
Qhapter 41 Seotion C. - Mesasurement of potentisl employing a

dynsmic condenser.
This method is bssed on e dynemic condenser, one plste of which

is formed by the plent surface end the other by a metel plste vibrating
e short distance from it.

When e cherge exists on the condenser, due to the potentisl of
the plent surfece, an slternsting current will flow through e cirouit
comeoting the vibfating plste and the plent, st the seme fregquency s&s
the vibrations of the plate. This msy be smplified snd displeyed oﬁ e
cethode rsy oscillogreph. Using a poténticmeter, a potentisl is spplied

to the plent until this A.C. is gzero, then the epplied potentisl is

-
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equsl end opposite to the originsl potentisl existing on the plsnt.
This method hes been successfully spplied to a study of.geoeleotric
responses of plents by Hertz (1960), end Grehm end Hertz (1962).
During this resesrch it wes deemed desirsble to develop o vibratingA

probe, and 3 more deteiled discussion is left to the chepter devotéd

to this .
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CHAPTER 2.

PRELIMINARY EXPERIMENTS ON SYCAMORE
SEEDLINGS, ON WHEAT AND ON _OAT COLEOPTILES.

SUMMARY

Preliminary éxperiments on Sycamore seedlings and on Wheat
coleoptiles are described. In more detailed experiments on Oat
coiéoptiies, changes in the potential magnitudes and patterns are
noted on alterations in the growth and contact media. OJince graphs
of the potential magnitudes against contact end/or growth mediwas
concentrations show straight line relationships, it is inferred that
the .potentials measured are diffusion potentials in their broadest

gsense.,
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This chapter is concerned with what at the time of experimenta-
tion were intenaéd to be preliminary experiments to’confirm'the accuracy
of the apparatus, but, as will be shown, they developed into investiga-
tions in their own right. In these experiments both Sycamore (Acer
pseudoplatanus) and Wheat (Triticum Sp) seedlings were employed.

There had been no previous work on these plants., The Sycamore seedlings
were collected in the field, and they had cotyledons present but no
leaves,. The seedling's roots were placed in pots containing Shive's

3 'salt solution end the Pplant held in place by cotton wool.

Shive's solution (Shive, 1915) consists of 18 millilitres of
Molar potassium @ihydrogen phosphate, 15 millilitres of Molar magnesium
sulphate, 5 millilitres of Molar calcium nitrate, 1,000 millilitres of
distilled water. |

y _ In later experiments where various dilutions of Shive's solution
E have been used)the complete Shive's, described above, hes been taken and
‘diluted in the usual menner to give a percentage dilution.
The rooting medium formed the basal contact. Contact was made at
different parts on the surface of the Sycamore seedlings by means of
drops of 8hive's solution expelled from the syringe electfode.
("liquid drop contact"; Chapler 1, Section A) and the potential of these
points measured with respect to the base. For completeness sake the
‘following results are included, In this, as in all other experiments

reported in this thesis, the polarities referred to are those exdisting

S
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in the external eircuit.

The apex 6f the Sycamore seedling was usually positive, but in
some, after disturbance by knocking, etc., was negative., The longitu-
dinal P.D. was small, usually in the region of one millivolt but
occasiohally was as high as five millivolts. Changes in potential were
noted when the preparation was approached and it was thought advisable
to screen the apparatus, Half-ineh wvire mesh was used for this
purpose and the whoie screening cage earthed, The shidding is shown
in plate 2.1, |

Experiments were then commenced on Wheat coleoptiles. Complete
detailé of the growing technique are given below as fhis was followed
throﬁghout the research when either Whéat or Oat (Avena Sp) were
involved,

Oat grains were first dehusked, but this was not necessary in
the case of Wheat., The grains were then placed in Bachner funnels and
tap water allowed to drip on them for tuo_to three days in normal
daylight. The exact time depended on the water temperatgre. When the
grains had germinated they were planted out on rafts made of one inch
plastic curtain rings with nylon mesh stretched across-‘Plate 2.24)
The rafts were supported by glass slides i£ such.a way that the growth
medium just covered the net. The grains were placed at an angle on the
rafts so that the coleopfiles grew straight upwards and fhey were left

in red light (above 6000 R ) for the remainder of their growth. The
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advantage of growing the seedlings on rafts was that they could be
moved to the experimental chamber without disturbance, by simply
transferring the rafts.

The Morphology of the Grain Seedling.

'Upon germination of the grain, the primary root begins to grow
out and is followed within a short time by two lateral roots, Meanwhile
the shoot also starts to elongate; it consists of a growing point,

a very short stem with two partially developed leaves, and a surrounding
sheath, the coleoptile.

Between the base of the coleoptile sheath and the aqtual grain
there develops an internode, the mesocotyl, whose length is very
dependent upon the growth conditionms.

The growth of the coleoptile, which is a hollow cylinder with
a solid conical top, takes place almost entirely in the longitudinal
dimension. In its early growth, up to a length of one centimetre, cell
divisions of the parenchyma accompany the elongation, but the epidermal
celis cease dividing at a very early stage and grow only by extension,.
From a length of one centimetre up to its final length, cell divisions
.are viftually absent and growth is entirely by cell elongation., On
this account the coleoptile is a particularly suitable subject for
studies of growth uncompligated by cell division,

In transverse section, the coleoptile is elliptical, with

vascular bundles running up on either side. The cells at the tip of
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the coleoptile are morphologically distinguishable from the others for
they do not elongate and are almost isodiametric. The epidermal cells
of the extreme tip stain more heavily than the rest and are PFbably
richer in protoplasm. The reglon of ieqdiametric cells is limited to
the apiéal 0.5 millimetres. The growth of the primary leaf closely
follows that of the coleoptile under natural conditions so the
coleoptile is alﬁoat completely filled.

When the coleoptile has attained its full height, it ceases to
grow and the primary léaf breaks through., The whole growth of the
coleoptile occupied about 5 days and the maximal rate of elongation,
one millimetre per hour, is attained during the stage when the
coleoptile is 20 to 35 millimetres high,

’ Throughout the growth, the apical 2 millimetres hardly elongates.
The zone of maximum growth is first located near the base and migrates
upwards so remaining about 10 ﬁillimetres below the tip, These details
of morphology have been taken from 'Phytohormones™ (1937) by Went F.W.

end Thimann K.V,

Undef the condition of growth in red light, the first internode,
(mesocotyl), elongates only a little, due to the inhibiting effect ofl
this uavelengtﬁ of light, to which its growth iz especially sensitive.
The coleoptile sheath, however, grows long for it is the blue end of
the epectrun that inhibits its elongation. ((Avery Burkholder and

Creighton, 1937). Coleoptiles are not phototropically sensitive to red

-
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light and in it, grow vertically under the influence of gravity. The
red light was provided by fluorescent tubes wrapped in 8 layers of red
cellophane. Spectroscopically tested they gave light above 6000 3 only.
During the period of growth and in the experimental chamber, the
temperature was controlled at 20°62 1%,

The apparatus used in the Wheat and original Oat experiments is
shown in Plate 2.3.

In the first experiments on Wheat coleoptiles the readings were
commenced 10 minutes after msking contacﬁa They indicated that with
Shive's contact and growth medium, that the apex of the coleoptile was
positive with respect to the base, Wilks and Lund (1947) and Schrank
(1947) found the apex was negative with respect to the base in Oat
coleoptiles.

In another series of expériments readings were commenced
immediately after making contact and it was noted that large changeb
in potential were taking place upon making contact, and a constaﬁt_
value was not attained for about 20 minutes. (Figure 2.1.4.)s If
contact was broken for a period of only five minutes an exactly
similar change again occurred on remaking contact,

Wilks and Lund (1947), had plotted the longitudinal potential
of Oat coleoptiles by passing a ring contact rapidly down the outside
of the sheath. - They state that each time.the electrode was moved to

a new position, a slight change in potential was noted, and the
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electrometer reading was not recorded until the potential was "relatively"
stable. |

A similar experiment to that of Wilks and Lund (1947), was there-
fore performed, the ring contact (Figure 1.2.C.) being moved down the
coleopﬁile and the potential recorded with respect fo the base, It was
found that the potential pattern of the sheath was not simple, maxima and
mﬁnima in the pbtential occurring'several times along its length. Large
changes in potential followed the movement of the contact to a new
position, and if the contact was returned to a previously measured
position the potential had altered. If however the positions where the potentid]
was a maximum or minimum, the points of inflexion, were plotted, it was
found that when the contact was returhe§ to such a position, though the
value of the potential hed altered, it was still a point of inflexionm,

A serieqléf readings were taken on coleoptiles, plotting points
of inflexion only. The results are seen in Figure 2.2. The values of
the P.D, measured at the time of piotting are noted, but due to the changes
mentioned above these are of little significance. "A" is'a group of
coleoptiles showing simllar potential patterns, "B" is an anomalous
example>whilat "C" 48 the average of group "A", The P,D., values on the
left of the coleoptiles are based on the apex as zero whilst those on the

right with the base as zero., The coleoptiles varied in size but have

been scaled up to the same height,.
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The most important points to emerge from these results aret-
(a) The similarity of the potential pattern in the examples,
(b) The apex is generally positive with respect to the base.
~(c) There are at least six positions along the length of the
- coleoptile at which the potential is a maximum or minimum,
These results were rather startling, for if we are to believe,
as Schrank (1947), has claimed, that transverse polarities induced
by gravity, light, etc., cause a migration of auxin to the positive
side, how then can the apex be positive, when auxin is known to be
leaving it%? Also how can the potential show such variations along the
length of the coleoptile yet auxin pass ateadily down?

+ Characteristic changes in potential on first meking contact

consistently occurred 4in all these observations with Wheat, but they

were not found by Wilks and Iund (1947) and Schrank (1947), in Avena.

However, Clark (1935), noted that measurements of Avena electrical

potentials obtained by contacts moved up and down the coleoptile, were
extremely variable, and it was impossible to obtain constancy over any
considerable time, Only plants with fixed contacts gave the constancy
of potential desired, but even then it took 90 to 120 minutes to

stabilise: the changes previous to this consisted .of a slow decrease,
followed by a slow increase in the negativity of the tip with respect

to the basal contact,

Since we had so far used Wheat coleoptiles whilst all publighed
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work was upon Oat, we now decided to use Oat coleoptiles. Oat

coleoptiles, in this, as in other fields, have been well investiggted

and though many papers are concerned with the application of currents,

the effects of gravity and of unilateral light, there are also several
papers upon the_distribution of the electric field in the unstimulated Avena
coleopti1e. Listed below are the papers apd authors, with the more
.important points from each paper:-

Ramshorn (1934), cleimed that the apex was positive with respect
to the base.

Clark (1935, 37, 38), stated that the apex of the coleoptile was
negative with respect to the base and the internal polarity of the sheath
was similar,

Wilks and Lund (1947), stated that they found the apex negative
with respect to the base, and an inversion of polarity occurred partway
down tkp coleoptile. The internal polarity was opposite to that of the
external. They published the first potential map.

Schrank (1947 amnd 1951), claimed the results of Wilks and Lund,
(i9k7). vere correct and published a mﬁre detailed potential map.

Our work was started using Avena sativa variety Barnwell. Growth
and experimental procedures were as previously described and contact and
growth medium were again Shivé's solution,

With Avena also, large changes in P,D. occurred on first making

contact, These were more complex than those of Triticum, consisting of
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a rapid increase in the negativ;ty of the apex with respect to the
base followed by a slower fall and then a gradual slight increase in
negativity egain (Figure 2,1.B.). The potential stabilised after about
30 minutes at a value of about 10 millivolts; with the apex negative
to the baéos

An experiment was carried out to determine if the original
changes were due to the current, however amall, drawn off by the '"Vibron',
The potential was alloyed to stabilise and then the Vibron leads removed,
the electr§§ea and contacts being left in place on the plant. On
rémaking the circu;t, there was no change in the potential. Another
poesibility was that these changes were due to diffusion potentials set
up by ion movements into and out of the contact drop, a stable potential
finaliy being attained. Thig was to some extgnt borne out by the
knowledge that renewing the contact drop also led to a small change in
the potential. However, when the contact was removed for only 10 minutes
and then reapplied’vithout changing the contact drop, an exactly similar
change to that originally obsqrved upon first applying the drop,
occurred. With Shive's solution, the stabilised potential (about =10
millivolts), was much lower than that recorded by Wilks and Lund (1947),
for Avena (=50 millivolts). They used tap water as contact medium and
it seemed poesible that this could be a cause of the difference. (It is
difficult to determine from the publicatiqng of Schrank (1947 and 1951),

who like ourselves used Shive's solution, whether he repeated the work
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of Wilks and Lund (1947), and also found en spical negativity of 50
millivolts or he simply echoed their results),

A series of experiments was therefore tried using deionised
watér as growfh and contact medium, This was intended to achieve two
results, It would give an indication whether the results of Wilks and
Lund (1947), were duc to the use of a tap water contact and growth
mediumi secondly, since with deionised water all ion movements on
meking contact must have been inte the comtact drop, a comparison with
results obtained with Shive's solution would make possibdle aﬁ asseés-
ment of the importance of ion movements. ‘

The typical result is shown in Figure 2.1.C. The change on first
meking contact diffefed from that with Shive's)in thét,there was little
or no primary increase in negativity of the spex. It also differed in
that the final P.D. was in the region of =80 millivolts, i.e. closer
_to the results of Wilks and Lund (1947).

A series of experiments measuring the P.D. of the apex/base with
a wide range of dilutions of Shive's solution as the growth and'contact
medium was carried ouﬁ. Figure 2.3.A. shows that the graph of the P.D./
Ldg 6f the ion concentration is a straight line over the concentration |
range, Shive's to 0.1% Shive's, This result led to the conclusion that
the potentials being measured were mainly of the nature of diffusion
potenfials and not as suggested by Lund and co~workers (1947),

reduction/oxidation potentials. However we had unwittingly complicated
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the interpretation of the above resﬁlte and also some of those that
follow, by not realising at that time, that they were indicative of
diffusion potentials. Not only was the contact medium changed, but
also at the same time the growth medium; deionised water (log 7%5) was
used in some of the experiments, and also mixed mineral salt solutions
vore used vhere severel ions were inwolved.

In the next experiment it was hoped to separate the effect of
the growth medium ffom that of the apical contact medium. Since the
‘aet up envisaged wasse

Saturated | Contact Contact | Saturated

ZINC Zinc Medium Plant | Medium Zinc Zinc
Sulphate 1 2 Sulphate
A B C : D

it was neccessary to determine the contribution to the potentials by the
B and C liquid junctions.
Saturated| Contact| Saturated | Contact| Saturated

Zinc Zinc Medium Potassium || Medium Zinc Zinc
Sulphate 1 Chloride 2 | Sulphate

A B ' c
vas assembled; using saturated KC1l it wss hoped to minimise any
ypotentials that were generated at.B and C.
With Fhe above the following results were recorded,

TABLE 2.1.'

Contact Medium 1, Contact Medium 2, P.Dog/2
Shive's Deionised water =1.5 nmv
Shive's 1% Shive's «1.3 mv
Shive's 10% Shive's - 0.8 mﬁ




212,

With the cell:-

Saturated ' _ Saturated
Zn | Zinc Sulphate Somli::ign 3:::;‘8"" ginc Sulphate |
Solution Solution
A D

the P.D, Shive's/Deionised electrode is =12 mv and since the A and D
Jﬁnctions are only contributing «1.5 my, then the Shive's solution/
Deionised water diffusion potential is approximately =10.5 mv.

- The low values of the A and D junctions may be due to a
saturated zinc sulphate swamping effect., Even though the mobilities
of the ions are different (32n ** = 47 reciprocal ohms, 350, = 68,5
reciprocal ohms) the effects dus to them will be the same at both
electrodes, It saems therefore that it will be permissible to ignore
the A and D junctions, V

The following results were recorded on the coleoptiles grown in

Shive's solution and deionised water.

TABLE 2.2.
Growth medium Apical Heen?.D,
and basal Contact Apex/base
contact medium. Medium . mv.
Shive's Shive's =10
Shive's Deion +53
Deion Shive's =101
Deion Deion =80

Each result is the mean of ten experiments.
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From these 4t may be esnzlidéd: thati-

(a) Incresss in the concentration of the contact medium at the
apex caused the apical negativity to imcrease, This is opposite to
the effect on the potentials of chsnging both the growth end contact
media, The apieal effect must be oppoaing the hesal, and from this,
it follows that the changes in the potential difference betveen the
base and growth cedium sust de aiw;lar "?“t larger than the changes be-
tween the epical part and the contact lfudim, on dilution of both these
media, | |

(v) There 40 s difference in propertiss between plants grown
in deionized wvaler and in Shive's golution, The magnitude of the
differencea in the potentials measured on the Shive's grown colecptiles,
with deionised water and Chive's solution as the apicsl contect, are
not the same as the zegnitude of the differences of the delonised
vater grown coleoptiles with the same contact cedie, Therefore the
properties of the colecptiles vary with variation 4n the growth mediua,

The next two exporiments eaployed two electrodes making contact

on tho coleoptile stieath and & third slectrode placed in the growth
medium,  Flowing drop contacts were used on thc sheath. 7The apparatus
is shown in Plate 2.4 This type of spparatus was used in all
exporinments with flowing drop centacts ropcrsed'in this theais, with
the exception of the geceelectric experiments (chapter 8) and the

experiments on Fungl. (Chapter 12).
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Differing concentrations of growth medium were employed and the
effect of this on the P,D, measured between points'on the sheath was
determined, Later, simultaneous changes in the contact medium
concentration of the flowing drop contacts were made to see whether
these altered the P.D. measured between points on the sheath. The
results are shown in the following, Table 2.3. A & B.

In experiment C a single flowing ring drop contact was used on
the apex of the coleqptile and the potentiml measured with respect to
another electrode in the growth medium.

The apparatus used for this experiment is shown in Hate 2.5.
This type of epparatus was used 1n all experiments with ficwing ring

dxop contacts reported in this thesis.




TABLE 2,.3.

Bagal Contact Potential . Potential Potential
contact & Media between between between
Growth Medium Apex/vase mv{ Mesocotyl/ | Apex/Meso-
: " ‘ base. cotyl mv
Shive's Shive's +18 +48 -30
+8 +h2 =34
+13 +43 =30
+9 +43 «34
+6 +30 -36
-1 +33 -36
+10 +l0 ~34
, =30
mean +7,3mv | mean +39.8av. «32.5mv
Shive's +11 +5 =5l
+15 +061 <46
+1b © 61 47
+9 +57 -48
mean 415.:‘!;!117 +62.4 mv <47 mv
104 Shive's N4 *?2 | =39
Shive's | -18 -1 -17
. =23 +9 =32
»20 -3 =17
mean -24,5mv | mean 4+1.75mv | mean -26.25av
10% -3 +51 -5k
Shive's wlt +27 < =39
- =19 +37 =56
-18 422 )
mean «11mv | mean +34 mv | mean =45
1% Shive's -20 <15 -5
Shive's -59 45 -14
«79 =71 -8
mean ~57 mv |mean -45 mv | mean -12 mv
10% =15 - - =10
Shive's -38 -?O «20
=30 -8 ) -2%
=51 : - -1
mean =351e Tn_aT%va_ mean =17.omv .
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No results were teken at lower contact medium concentrations
as the resistance of the electrodes and contacts was so high as to
be very susceptible to interference., |

At other times the two following sets of data were collected

showing eimilar trends but different magnitudes.




ShiveYs'

Growth Medium Potential Potential Potential
and basal Contact between between between
contact Medium Apex and Mesocotyl Apex and
medium ‘ Base and base Mesocotyl
Shive's Shive's =18 +16 3k
‘ , =P +28 =35
=15 +10 «25 B
+8 +28 =20
+20 +26 «6
+7 +27 =20
mean -1 mv mean +21 av | mean «22 mv
0, 1% Shive's 61 «60 -1
Shivels =73 =57 =16
-27 24 -3

mean =53,6mv

mean 47 mv

mean ~6,6mv

0% - - 10%
Shive's Shive's
% 1%
Shive's Shive's
0.1% 0.1%
Shive's Shive's

1
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The results shows-

(a) Mith constant growth medium concentration
With decrease in the contact medium concentration at the apex,
the P.D, of the apex/base becomes more positive. , With decrease in the
contact medium concentration at the mesocotyl.‘the P.D, of the
mesocotyl/base also becomes more positive, 'Howevef for the same
" decrease in oéncentration at the apex and mesocotyl, the effect is
greatest at the mesocotyl, therefore the P.D. of the epex with respect

to the mesocotyl becomes more negative.

(b) With constant contact medium concentration at the apex and

the mesoéotzlc
:with decrease in the growth medium concentration, the P,D, of

the apex/base becomes more negative, With decrease also the P.D. of
the mesocotyl/base becomes more negative,

. " However the effect at the mesocotyl is greater than at the

apex, and therefore the P,D, of the apex/mesocotyl becomes more positive.
This indicates that changing the growth medium has effects throughout
the coleoptile and furthermore that these effects are not the same at
all points, It also confirms that with decrease in concentration of the
~ growth medium the base becomes more positive with respect to the others
regions, Therefore the potential of the apex, mesocotyl and base

with respect to an external Shive's solution undergoes a similar change
upon dilution of this solution, though the magnitude of the change

"differs in each cease,.
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The results show that in a concentrated growth medium, it is
pgsaible for the apex to be positive to the basgl roots as found by
Ramshorn, (1934); this effect is increased by dilute contact media.
The published potential patterns of Wilks and Lund (1947), and
Schrank (1947,51) only hold for dilute growth media (less than 1%
Shive's) for they show the mesocotyl negative with respect to the
base. With concentrated contact media, this effect is emphasised,
but the apex then tends to become positive with raspect to the
mesocotyl. These worke;s therefore must have used dilute growth and
contact media in obtaining their potential patterns (Tap Water?),
although Schrank in the same work erorts using Shive's solutiQn,

Hope (1951), found that broad beag root tips behave as hydrogen
electrodes in solutions of different hydrogen ion concentration. The

1

influence of pH upon the plant potentials had to be shown to be of ‘
small significance in this work, before the changes upon contact medium dilution
could be ascribed to changes in the mineral salt concentration, for we may at
the same time be altering the pH of the solution. No experiments were

carried out dealing specifically with pH from this aspect, but an

experimgnt to see if there was any influence pf pH on the changes that

occurred when electrode contact with a coleéptile was first established,

gave the nscessary information, (For details of changes involved see

Chapter 4).
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P
0+ 1M KH,FO, + PH 5.2 pH 8.5
CHjCOOH Ti11 pH2.5 0.1 KH'EPO4 0.1 KZHPOA
Magnitvde | Magnitude Megnitude | Magnitude | Megnitude | Magnitude
18t peak | 2nd trough 18t pesk 2nd trough| 1st peak 2nd trough
millivoltgd millivolts millivoltsH millivolts| millivolts] millivolts
-26 -36 12 - -42 . -61 -63
=5 -28 -21 - =67 =21 b6
=19 L=k2 - =29 - =h9 -61 -85
=35
=32
=1646 w35 ~21 =52 -b2 -5k

Shive's solution was used as growth and basal contact medium in all

cases: The potentials recorded are those of the apex vith respect to

the base.

It seems that in the lowsr pH the apex is more positive, though

as well as the iﬁfluence»of pH there are changes in other ion

concentrations,

The pH of Shive's solution-is 4.7 and of 1% Shive's it is 5.7,

but with Shive's solution as the apical contact the apex is more negative

than with more dilute solutions, an opposite change to the above.

With KC1 solution the pH is that of the solvent medium which with

deionised water is pH 6,1, This will not change upon dilution with

deionised water,

Furthermore, in the experiments reported in Chapter &

with KC1l solution, a flowing ring drop contact was used at the apex.
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The pH of this contact medium could not have been changed significantly
by the outward movement of B from the plant tissue., The concentration
of the apical contact medium was changed over a range of concentrations
0.1N to_b.0001N KC1 and the potential measured with respect to the base.
The basal contact medium and growth medium was in ell cases Shive's
solution. With O.1N the apex was 10 millivolts negative whilst with
0.,0001N KC1 the épex was 48 millivolts positive, ‘with respect to the
basé., These changes can only be ascribed to change in KC1-concentration.
- The change is of the same polarity as that with Shive's
dilution,

Although the potentiels measured may have been influenced by
changes in hydrogen ion concentration, in this work it seems clear that
pH changes can have played no significant part in bringing ahout the
potential changes when the contact medium concentration was altered.

Conclusions.

1. The magnitude of electrical potentials measured in oat
seedlings are dependent on the concentration of ions in the contact and
.growth media,

With dilutions of Shive's solution, a region of a plant in
contéct with a more concentrated solution will be negative with respect
to the same region in contact with a mere dilute.

The magnitude of the above potential difference depends on the

region of the plant involved, being greater in the basal regions than
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in the apical regions. It also depends on the growth medium, being
larger in the more dilute.

Where the magnitude of potential differences in plant tissue are
quoted, they are only of value where both the growth medium and contact
media are specified. This also applies to potential pattern diagrams,
for changes in the growth and contact media cause drastic changes in
these.

It is possible to explain some of the discrepancies betwesn the
the reeults.of the various other workers on the bases of the various
contact and growth media they have employed;

2. Graphs plotting the magnitudes of the measured potentials
against the log, of the growth amd/or contact medium concentration show
‘straight line relationships. This is taken to indicate that diffusion
potentials in the broadest sense are involved.

Assuming these potentials are diffusion potentials then we can

draw the following conclusions,

(a) Since with decrease in the external contact mediwm concentration,
the potential of the plent tissue relative to the contact medium becomes
more neégative, with Shive'smlution at least, the tissue permeability
to cations is greater than to anions.

(v) Since the P.D. change with change in contact medium is greater
in the basal than the apical regions, the relative cation permeability

is similarly greater in the basal regions.




2.21.

(c) With alteration in the growth medium concentration there is
an alteration in tissue properties throughout the plant,

This no doubt involves changes in the tissue ion concentration
tut it also involves changes in the ion permeabilities for the
magnitude of the potential change, upon change in contact medium
concentration at a particular point on the plant surface, varies
between the different growth medium concentrations. Also these changes
are greater in the hasal regions than the apical regions of the
coleoptile,

3« It is impossible to believe that auxin is being transported
down the plant by the potential grgdieﬁt;we measure, when, under
suitable conditions of measuroment, the gradient may have either a
positive or a negative or a zero value, yet the plants continue to
grow,

This does not howeyer preclude the possibility that transverse
potential gradients may develop under unilateral stimulation causing

changes in auxin distribution.
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SUMMARY

.. The various possible sources of eleotric potentials in coleoptiles
are considered and tho nagnitudes of 'thely contributions to the nessured
potentisls are calculated. ‘The conclusion is, that in all but ‘the .
measurement of the transverse apical potential, the ma,jor contribution
to the measured poten‘bial comes from potentials generated across cell V
membranes.v Even in the apical situation, though there is a shorting

out by other phases, changee in the potential probably come from changes

in the membrane cytoplemic potentiale.

, It is pertinent at this point to enter into a discuesion concerning
the origin of the potentials measured in whole plant t{ssues. Reference
will be.,l;,ledeto__exper;n;_epte reported later in the thesis, but for an
explanat:l.on of the foregoing results, the origin is now coneidered.

Genoral reviews of the origin of potentials have been written by
Heilbru.nn (1943) and, Crane (1950), whilst Hover (1945), Briggs, Hope and
Robertson (1961), and Dainty (1962), have given detailed reviews of
Donnan, diffusion and membrane potentials in plent tissue,

The potentials measured arise from three sourcesi=
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(4) They may be generated as ﬂmetioné of the measurihg syétm.

(B) They may result from the physical properties of Plant material not being
Qirégtl’y dependent on the metabolic activities of the plant (except in so far
es. these materials were produced by the plant). : . .
(C)_ They may be potentials which are wholly dependent on metabolic activities
for their extstance; These potentials may ariss from physical structures
metabolicly mainteineds -

These 3 clasees are considéred individually {n the following ddscussion,
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- Consider the situation used in the measurement'of the potentialse.
Zino/Saturated/Contact/Plant/Contact/Saturated/zZine.,
Zinc Medium Medium Zine
Sulphate ) o (2) Sulphate
a . b .. e - d

Class A consists of potentisls set up at the phase bounderies "a,b,c,d".
A pair of isoelectric Zinc/Zinc Sulphate half-celle are always selected and
therefore "a" and "d" cancel out. Where the contact media are of the same
constitution and concontration ™" and "e" will also be equal, but different
contact media have occasdonally been émployed and asymetric potentisls will
then exist., FPlacing saturated potassium chloride salt bridges between the
électrodes and the contact media will reduce these, but at least with Shive's
solution; they seem to be small anyway, as previocusly reported.

Hlectro-kinstic potentials gemerated due to contast metiun flow aleo
come into this cla.s‘a.,- -

In practice the aim is to reduce all th;ée— potential to the minimum, and
it can be confidently stated that in no experiment reported in this tliesis
could they have exceeded 2 millivolts.

It is necessary now to consider tﬂé?ﬁi&m of the coleoptile in relation
to the contacts before we can enter-into a discuseion of the Class B and C

potentigls.
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o Consider the structure of the coleoptile in relat:l.on to the contacts. |
: (Figura 3s14A,). Bach of the different. layers of the coleoptile may meke a

contribution to the potential in ways discussed later,. but the question

arises as to how, great is the contribution of. eaoh region. .

. Constder the reglons to be batteries of EM.F., E', B and E’ and

 internal ;esiﬁsta‘no.e.!'{‘, R® and B> (See Figure 3.1.B.). The resistance of |
‘the external circuit is R and a current I flows through it, and the potential
measured across the terminals of the circuit is B,

I

T="1.1. 4 1'?2. 4+ 1.3, by Kirchhoff's Law.
Where 151., 152., and 1. 3., are the currents through each of the batteries.
Therefore i.l. = El ‘

R t ! : '
Rl
1’2,‘ = ﬁ 1
R ‘
|1030 = i
Cbut 4. + 4.2+ 4,35 o1 =L ‘ |
Therefore E =,?.E.li. . —E-Z- o+ EB '
R nl 32 83 )

but R is the 1nstrument resistanoe and constant N

Therefore E is proportional to El i l's‘3

i

'Therefore the oontribution by any region potential, to\ the total measured

potential, is 1nversly proporﬁonal to its resistance. \

.
T ey st
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It de Bow necessary to calculate the relative resistances of the
different reglons to get an indication of which phase contributes most
to the potential.

Exémination of _T,'S. and L.S. of coleoptile sheaths show

(a) that the cuticle is very thin and occupies only a very small
fraction of the totallarea-of the tissue, -

' (b) the ‘cellulose walls occupy rather more of the area than the
aboves | | |

. {c) the cytoplasm oceupies a greater area than the above and in
-the' non-vamolate?i t1p~ forms the greater part of the material In the
vacmlated reg:lon where it Just lines the wall the ares is smaller- but
still exceeds that of the e¢ellulose,

(@) the vacuole in well developed Tegons occupies the greater part
of the tissue; The three pathways in vhich we are interested for the
purposes of resistance calculation are shown in Figure 3.1.A. One import-
ant thing to notice is that the pathways 2 and 3 4include contributions by
the transverse componente of the cuticle, and the cuticle and cellulose
wall, respectively.

F‘.Lgure 3:2. glives detalls of some measurements made fmm sections of
eoleOpt:ue tissue. Measuremsnts of the vacuole are not mcluded since 1t
 appears that there is little resistance to the passage of ions through the
tonoplast membrane from the cytoplasm and the two can therefore be treated

Yo
1

3

4

ag one for the purpose of these calculations, A

|
)
!
i
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For ease of calculation the treusverse alectrical vesistances
calculated apply to a pdete of tissue the same length as half the
circunforence of the colecptile and § cells thick, The depth chossn is
that of the tusder of iﬂus. to give approxizataly a 1 millimetre depth of
tiomie, The cell sises are as show in Figure 3.2,

The Jongitudinal elcotrical resietsnics o calculated for a plece of

tissus § ¢ells wide by § cells tread and 1 centimetre deep in the mid-
region of the coleoptiis vith the contscts at the top end botton,

'. Cubicle Rength = O.J75 % T centimetres.
width = 0,00015 centimetres.
depth = 0015x 65 aentisetras,

Lot rosistivity of cuticle asterial be i;cf

. j. Mﬂm‘ & ohiss.

0.00015 x 04015 x 5

Restotance acyoss cuticle »

. | .
0,015 25 25 x 0,002

. . - 004!16 QMQQ
Resiotance of cellulose wallo of ons celd.

e 1.0, v |
Ho0ts = 0705503 = 200,003 o;oecoa’j

where 7 = resigtivity of the cellulose wall.




o b %Y)
But there are 25 rows of cells, each vow 0,0575 x TT cms, long
end therefore containing

¢

Cuticle resistance » 0,4 po ohms, |
Resietance of oytoplasm, cell walls and umbrm of one csll

s_ PSP
%.0'5’ £ 0,002 6.0'5 x 0,002 * 0.015 x 0.002

w .3 rw s (6,65 x 10 pet). + (6.65 x 10°)7 otme.
Vhere Pet = resistivity of the cytoplasn and the resistivity of the
¢sll merbranes ie taken as 1()4 ohms,

There are 25 rows of ¢ells composed of Q,0%]5 % _TT  cells in each row.
0.002

The cuticle is relatively unwettable and is probably composed of a waxy
materdal which one suspects would have an extremely high resistivity. However
fron plasriolysis exporiments and observations on coleoptile wilting, reinforcsd
by some results reported later which indicate water-movement influencing the
potantiala, it ssems that the cuticle is water permeable, but so doubt the
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-
resistivity w:lll oe qoite hi@. Let us assume for tixe purpose of ﬁew
_calculations.’ -the .resi.st.i‘vity is 106 ohms (distilled water): The resistivity .
of the cellulose wall water will be that of a dilute mineral salt soltuion
(10 ohms = 0,001 ¥ KC1) wnitst tnat of the cytoplasm, & lover reststance
with a higher salt concentration, aay 10 ‘ohms which is approximately
equivalent to .OlN KCl. SRR

Using these Values, reaistance of -the paths is as follows:-
1. Cuticle. .-..2.95 x10° ohmss )
2, Cellulose 7 %107 olms:.
3, Cytoplasm ~ 1:i55 x 10% ohms.
It follows therefore that in the measurement of transverse potentials at
the apex the membraggt potentials contribute little. the ma,jor part of the poten-
tial being due to the oenulose wall phases

(h;ﬁcle length = 09065 b 4 TI‘ cms.
Thickneas o ==0.00015 cms. .
 Depth (2 cells deep) = 0.045 x 2 cus,

Resistance = pg 0,065 x [T .

. Resistance of cuticle = 2.2.0,00015 x pe
o,ogxo.ozs T ohms
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'R'esist‘anéﬁe‘éfl cellulose dalls of ome cell
B P T .H%%xogogooﬂf(z,xo.oosxo.oooon
. . But there are 16.rows of cells, each row, 0.065 z TT centimotres long

and therefore composed of 0,065 x L

. :'I"oi':al'resiéﬁanéez of walls

, ' . X 10 300005

Cuticle resistance = 0,13 pc ohmg.
Resistance of cytoplasm cell walls and membranes of one cell

- petz0.005 + 2mwx0.00001 +.2x10% _ oms
- 0:045 x 0,005 - 0,045 x 0,005 - 0.045 x 0,005

= [ o'.bé pw + (22210 pot) + (8.9 x 107) Jotms.

But there are 10 rows of cells, each row composed of 0,065 X TT 1
RS o 0.005  ceils




Jee10

&mgti,mtingv{}he ‘pzjeviduéiy suggested values for the various resistive
dties we find the fql_lbwing approximate resistance values for the three

10

1, Cuticle - 1.5%10 ohns.,

é'. » Cellulose walls < 109 ohms.,
3. Cytoplesm. . =, 10° ohms,
In the measurement of transverse potentials mid-way down the coleoptile,
the ma;jor contribution to the measured values will be the cytoplasm and its
memhrane’a,. along with any transverse componenta of the cellulose and cuticle

_potential_sxs‘ o ' | - | | o

,00015 x 0,025 °me

Transverse cutiole resistance = 0.13 ohms, (Ma was calculated for

a similar contact area in B 1 )

ohms

Longitudinal ccl}ulose resistance = pu.l,
: 4 x 0,00001 x 0.005 x 25

5

"= 2 x 10° pw ohms.
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Transverse cuticle resistance = 0:13 pc ohms.

Longitudinal resistance of ng(toplasm, cellulose cell walls and

membranes of one cell
005 z 005 ) "

+

(2005 % 4005 :* ::005 % 100
= (08 pu +[1:8 x 10°'pet]+[8 x 169 otms,

But there -are-25 rows of cells composed of 3 cells each.
0.045

| ‘substituting the estimated values of resistivity,

"1, longitudinal cuticle resistance is approsinately 2.6 = 10" obms,
- cellulogse " . . " 2 2 10° ohms.
3 '™ . cytoplasmic and membrane resistance is approx-
imatel:}f? z 10° oms, | | |

In the measurement of longitudinal potentials the cytoplasmic/membrans
potentials will form the gajor contribution to the measured values.

It is realised that these values are all approximate and. :ln fact the measured
values of the tissue resistance are lower than any calculated, being in the regl.on
of 106 to 10'7 ohms, but they do indicate that only in the apical regionms, vhen
measuring traneverse potentials, is there any likelihood of changes in the
manbrane/cytopleemic potentials being masked by shorting out through the other

L ." -
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pathvays. This ié vhere the value of the calculations lies.

From these calculations it appears that potentials arising along the
length of the 'cutiéie can contribute little, though transverse potentials may
contribute to the. potentisls of other phases: Potentisle srising longdtudinally
in the cellulose walls are of more significance than the above but 11; seams that
using external contacts on the surface of plant tissues, a considersble proportion
of the measured potential is accounted for by potgntiale existing across cell
membranes.

The potentisls arising in the different phases are now éo‘nsidared separately.
In the cass of the cuticle and c¢éllulose wall phases, transverse potentials, which
contribute to m'eéaured membrane potentials are considered, as well as longitudinal
potentials, |
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¥hen éontact is made on the outside of the coleoptile, the contact
medium is separated from the living oytoplaem by the cuticle and cellulose
oell walls. -Although the cutiele surface is relatively unwettable, the rate
of eoleoptile wilting on removal of its water supply indicates that it is
relatively permeable .'to water, as does also the ease of plasmolysis. It .
therefore probably contains water, - The cellulose walls contain water. The
water within the ¢ellulose walls may be divided into two components, that
forming the so-called water free<space (W.F.S.), where free diffusion vith the
external mediwn applies, and that forming the Domnan free-space (D.F.S:) where -
the poe;,l,gipx; is complicated by the presence of fixed charges in the walls,
Daintyandﬂope (1959) estimate the W.F.S. for Chara cellulose walls as 46%
of the whole, | |

. In this particular instance we are interested only in the W.F.S,

Iihen the contact medium is applied to the surface of the plant, since
dtsilon-concentration s unlikely to be the same as that in the cuticle and
W.F.S. on the wall, diffusion potentials may be set up at the contact. This
will ohly 6ccﬁr if fhe mobilities of the anions and cations differ, Oaterhout
(1027), suggested, and rightly so, that across the thickness of the cuticle and
vall these w1l only be transient, Dainty and Hope (1959), report that Manni tol
had & half time of 3 geconds for diffusing from Chara c¢ell walls 16,u thick, and
Macrobble and Dainty (1958), report a half time for KC1 diffusing from the W.F.S.
in Nite‘llopsis of one seconds This transverse potential contributes to the .



ﬁoténtials of ﬁhe other pathways.
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Even if identical contact media are

involved, as long as the composition and concentration of ions within the

WeFsSe at the two- points of contact

and yet the contacts are applied at
potential will exist until equilib
Whare there is a eonsﬁ.derabla

between the contacts the diffusion

for considersble periods of time (O
longitudinal diffusion can only ari,
differ, for otherwise the d€fects ¢

differ, or even 1f. these are identical
different-times, then a transi;nt

um is attained, ‘ |
length of cuticle and cellulose wall

potentials could maintain steady values

terhout; 1927), These potentials due to

e 1f the contact media at the two contacts

el out,

*

Yhere the volumes of contact media are sufficiently 1arge to show no

change in ooncentration during the ¢
for the magnitude of this potential

potential éxisting between the conts

For a univalent electrolyte this is

vhere U = mobi!

ourse of the experiment, the equation

will reduce to that for the diffusion
ot media being used.

E=U= V RTlogn
U+v F' 02

14ty of cation.

and C, and C

1 2

'V = mobility of anion,
are the concentrationsof the solutions

between which the potential is measured

and E is the potentisl of C

the Nerst equationj _
The mobilities within the cuti

o with respect to ). This is . .

cle, and W.F.Ss of the wall should be the
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same a8 those in free solution, and therefore if KC1 is used as a contact

tential generated as tho mobilities of

medium there will' be only a small
K+ and Cl- are‘ nearly the‘ eame.- : ermore, upon dilution of one of the
4 contact media there should be very 1ittle chan.ge in the potential. |
~ Experimentally 1t has been shown that there is a considersble cha.uge'.» The
. Shive's, /Dej.onisgci water diffusion potéential has been shown experimentally
 to be only = 12 millivolts and yet When the contact medium at the apex of
“the coleoptile is changed from Q.eiorised water to Shive's or vice-versa the .
P.D. change is several times gi‘eatelr than this, though in the epected |
direction, . |

Therefore, elthough these longitudinal potentials must make some
~contribution to the results when c:ftact media différ.' the potentials measured -
are far greater than they ¢an explain, | As p'rédicted by calculations, they
cannot be the dominant potential megsured. The transvérse component will
show up on éhén@s in the contact m_,ddia and upon the original application
of contact, 'tiut'. it is only transient, contributing nothing to the final potential.

We may now consider ﬁle poténtials generated by the D.F.S. As mentioned

before, 8.large part of the cellulosp wall water is under the influence of

fixed negative chargea‘ and ‘in this region, the D.F.S., Donnan potentials will be
. set up with the:cox;taqt ,meldiag_ The 1 is a weak cation eichange resin whose
“charges probably ariséq from the donisation of the carboxyl groups of Pectic
substances (Briges, Hope and Hobertsen, 1961.)

Donnan potentials can also arise in the_‘owtoplas,m due to fixed ions in the
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cytoplasm. or a membrane impermeable to éither anions or cations, Another
possible source of Donnan potent:;.als is 4f the cuticle is itﬁpemeable to some
ions; Whether this ie s0 is not ¥Known; in bgth these cases the following

. equations and observations will still apply, o

Domia!‘x‘membrane pote‘ntials‘ cannot provide a continuous supply of

, electriesl energy, and could therefore not be responsible for fon trensport in

| Plants;  Another important characteristic is that an electrode sensitive to any
,; ion to vhich the mepbrane is permeable cammot Yecord the corresponding Donnan
.L memp@? o tential; Hovever this onlyarises where the electrodes. are insérted
| c‘lil;'ectlyvix;x‘to; the bathi!;g meiiia and ot wl_len-they-,are connected by s&kt bridges,
| (Crane. 1950) and therefore this limitation ,épuld.not apply in, our work,
Gonsidering the 10_1:@1:,\1&1:5&;1 Donnan phase potential with contacts applied to
plant tissues as in Figure 3.1.,4, With regard to the D.F.S. we have a continuous
.:Donn,an ,pl\xas"e whose exchange capacity may vary between the two contact positions.
~ This phagef 1.'5;1:(1 contsct with the two contact media whose concentration may or
mgy not petident_iéa'l‘ . For & univalent salt eigs KC1 and a cation exchange resin
lE*MLn(

"'m-v R}/

L . Y s
‘whére Qo= external concentration $ the salt.
""" A = exchange capacity of the Donnan phase.
v E = P.D. of A with respect to the external medium.

This equat:lon neglects the terms in the electrochemical potential for the hydro-
static pressurs,’ - '
Consider a Donnan Pree Space of uniform exchange capacity A, in contact with two

contact media of concentrations cm & CHZ

[
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P.D. ofCleith respect to A= -}_l__logn CM
- 3(/A*+ LCMZ+ R)
"P.D. of CM, with respect to A = = RT" log n CM:.
? T /A leEeR)
P, D. of CHI with respect to CM2 =

- "'( loj ;(\/n* uccm#n) Loj Tﬁﬁ)
o B(legegin o logn fn%ﬂ;m)

* Where wl and CH_ are considerably greater than A the P.D. = 0.

2
- Where CMl and CMz are considersbly smaller then A the P.D.
: ' C.E %; logn .C_HZ

!

¥

: o  vwhich compares with the Nerst equation .
e 'PD:Bf.'&'fR 1“%
Yo ‘The equation is that for a diffusion potential with an immobile
anion.‘.-'iw':. _ . .

This implies tixat the anion exchange resin attracts cations and repels
snions, When the external concentration is high the resin is saturated and the
Donnan‘potential zero. We will then, however, have a difﬁxsion potential as in
- free solution,when all the resin is saturated. | .

‘l‘he same will still apply even if the exchange capacity is non-uniform
and we gee that the effect of the Donnan phase 1e to mdify the mobilities of
the ions f‘rom the values that obtain i-n free solution.- o

Where the eontacﬁ media are identical we would ezpeot no potential, If
we consider the changa in the potential due to a change in the concentraﬂon of
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fhe contact medium at one contact only, the potential being under the control
., 0f the Donnan p_hase,- .the change will, for a univalent salt, be 58 millivolts for

.8 tenfo],d ohange in’ concentrations with increased dilution, the diluted contact

| goes more positive. L ‘ ' o ‘ ‘

e ,Gonsideg now the t:ansverafe Donnan ‘yhaee' potentials of the ceilulose
vall vhich will contritute to the measured potential of the cytoplasmic phase.
The magnituds 'of this P.D. will be dotermined by the differance between the
: magnitude of the two Donnan, ﬁotenﬂals at the points of contacts,

-_i.e‘.;» for a univalent salt. '

‘ECMZ = %! logn:% + logn

(JAF & LCMA . n.)
([P LM hy )

' 'Where A1 is the exchange capacity of the wall in contact with contact

" medium concentration G, " and Aa is the capacity in contact with contact medium

[

edncentraﬁion ‘ 6H2.
" The situation is far more complicated in practice, for there are the
cytoplasmic/Donnan phase pbténtials to consider which wlll oppose the above.
However, as plésmolysié experiments indicate that water readily moves
through the cellulose; and uptske and loss of ions from cells can be readily
‘stiown, ‘this suggests: there must be many free pathways through the celluloss
‘walls which will short out any transverse Donnan phase potentials end therefore
reduce “ their 1nf1uence so they have Aprobably been ugimportant in this work.
| All 'thaaé*e@aﬁ.ow 'over—aimplii_'y the case, for they consider only a
_ univ;alent salt, whereas in act’t‘lalllfact'.,mixtuﬁs of di- and univalent ions are
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involved. However. they indicate what may influence and determine the

magnitude of the Donnan potentials,
| Haorobbie a.nd Dainty (1958), quote a half-time of 1 hour for the
exchange of KC1 with‘mnnan Free Space ions. (seid to ve cytoplasmic) in

, Nitenopsia.

- Dalnty and Eope (1959). found in Chara auatralis that Nev and Ca++

‘ excha.nge could be divided’ into fast and slow components. _the fast component :

having a half time of gbout two mimites for Nai»ffbn a 1 m&lli-equivalent per
litre Na+ solution the slow. a half time of about 30 minutes. T5% of the
total exehenge occurred by the faster component, Ca;H was about twenty five

., times as slow,. This waa a cellulosic exchange. as cell walls alone gave similar
.-results; |

One suspects that eimilar changes in the potential could occur on change

.. in contact medium and on indtial application of the contacts, This would imply
. ., fast change followed by a slower change but both of the same polarity, and

the equilibrium potential would not be attained t111 all ion exchanges were
completed. It was wondered :I.f the chonges taking Plece on the original applica-
tion of the contacts eould be due to these addushnente.

. However with Donnan exehanges and diffnsion potentials in the W.F.S. and
outicle one oould not expeot a nmlti-apiked potential curvé, The noxt chapter
(4) ehows that these changea are ascribable toc bhangea in men;brane permeabilities.

o Our caloulations Rave. shovm that the long:ltudinal Donnan and diffusion
potentials in the celluloae and cutiole oould only be mportant in the measure~
ment of transvo:s_e poteot.ials.whon usin’g‘di}’fegil;ng oontao,t‘media; Y'he’,le“."
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. transverse potentiala have been measured in this mvestigation identical
contact media have been used, and 80 it is likely that thase potent:l.ala
“have contributed ‘only little to our results, However the presence of the
.Donnan cellulose wall phaae ngy influence the conceéntration of the various
‘ -ioms in the region external to the cytoplaem and could therefore inﬂu‘.ence
‘the membrane potentials. and this is _probably the main effect, if any, of
the Donnan phase of the cellulose walls on the potentials measured
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Clasg C

‘These are potentzals existing across cell membranes as a result of
 metabolic activity. . | | |

Iund (1928), censidered the potentials measured to be due to oxidation/
reductions éystema in the cell, certain sites .in the qeli membranev actiné 1ike
“"noble metal® " _electrodes. However this is no‘ 1on;gef thé curra‘ﬁt view and -the
potentials are now ganerally ascribed to diffusion potentiala 1n the broadest
.sense (Dainty, 1961), the membrane mtegrity bolrig uaintained by metabolic
activitm

Rosults of Lund and co-workers (1.3947).» which were put forward as evidence
. for the omidation/reduction theory may in fact all be interpreted as changes in
‘metabolic activity leading to changes in the membrane permeability or to effects -
on ion pumps which will both affect the measured potentials. |

. Qur preliminary results suggested that membrane, diffusion or Donnan
potentiale were being meosureds In the previous section, diffusion and Donnan
potentials have been considered and tis section considers Membrane Potentials
. onlys - e
, M.embrané ‘potentials have ususlly been theoretically treated using the

Goldman equation, which is difficult to apply to this work for neither the concen-
tration of ions within the ooleoptile cells nor ions to which the membranes are
Apermeable are known, A A

The following simple solution has | Yeen used. Conaidex? details of the plant
' and éontacts:- ’ "
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The mea_sui'ed P.D. will be the élgebi'aic sum of the i’gﬁq's at the membranes

“4,B,C,D" and at all the membranss of the intermediate tissues,

"1 equations for membrane potentials indicate a direct relationship

between the P.D. ahd'the log of the ratio of the ion concentration across the

méﬁbraneé. and ascume that the potentials are also function of the membrane

permeabil:ltiés to dons (or don mobiwl{tiés with the membrane).

iaea

E = alog

(c2)

(c1) ,

B

where (a) is dependent on the ion mobilities in the membrane, C 1 end C 2 are the

don concentrations on the two sides of the membrane and B .is a constant,

The PeDe's at B and € and the intermediate membranes reduce to a value

. based on the ion concentration C 1 and C 2 and a function of ion mobilities through

all the inter‘mediate membyanes:

Therefore for.the system in the diagramt-

s

 E-=Qlog @+ Qlogg + Qlozcz + B

G

c2

oxe

where E is the'pofential of CM2 with‘ respect to (M1 and Q , Q,and O._,_are

the membrene permesbilities. -
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If Q= Q’F Q,.

Th,énE.:Qlog%; " n
_ | CHZ*B'

and where CMl = (M2, E = B,
Thus if the contact xﬁed:la are of similar conc‘;ent:;at:ion and are
simul taneously ‘chianged to & new and similar concentration, B should remain
constant but thie is not so in these experiments. '
| o.g& Qa, £ Q.
" If (M) 1§ constant and CM2 is changed to a new eoncentration Gu#, then
P.Di change ' ' e ' .
D ‘Q‘TQQ'Z'log‘_(:_H:a - ' |
cH,, B
Ir mq*z is. more concentrated than CH o our expezd.ments show that the P.D,
becomes tore negative. (At the apex, upon ohange from Deionised water to Shive's -
lsolution. P.D. change is from + 40mv. to =10mv,

P.n.qhange 40--10==+50mv)

al' is positive. |
The samémaybe shownfora.
| .i.e. Cation pemeability exceeds anion.
".This is in agreement with Hope (1951), working on Bean roots:
| If the moblhty of the anion or cation through the membrane is zero then

a Donnan potential exists. As long as the internsl concentration of the indif-
fusible ion is considerably greater than the exterﬁal there will be a potential -
difference of 58 millivolts -existing between contact media differing ten-fold in
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concentration; the less the ratio betwgen' the concentration of indiffusible
ion and the external concentration, the lover this potential becomes 111,
when the ‘exte‘rna‘l concentration is considerably greater than the internal
the Donnan potentisl 18 zero, If the contect media are identical this

potential will be gero.

- The relationships between these 3 classes of potentials are extremely
complex: For instance, upon original application of contacts, or change of |
contact media, until the ions have diffused through the W.F.S. there can be
no effect on the other phases, so in the ver;v firet stages changes in the W.F.S.
potentials are the only ones occurring. This does not mean that the potential
of the W.FiS. will predominste but that only in this phase will changes in the

potential occur, '
| Once exchangé with the D.F.S. ions commences new diffusion potentials will
exist in the W.F.S. and these potentials are bound to contimue till the D.F.S. is
Ain equilibrimﬁ. The Donnan phase will influence the ion concentration in the
region of the ceoll membrane and therefore influence this potential, Also until
the Donnan exchanges; if eny, of the cytoplasm are completed, diffusion potentials
wiil exiot and the true membrane potential will not be developed: ' There is the
ﬁzrther complication that in the rapldly growing tissue which constitutes the
coleoptile there will be a net incorporation of ions which the cells will take up
wherever availgble, and the fluzes of ioﬁs into and out of the cells will not be

equals Thus permanent diffusion potentials could exist between the medium 4n
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contact with thel cytoplasn and the actual external contact medium so long
as growth contimes, ‘ _ ‘ ) 4 |

o 'Ifhe‘fo."thwi,‘qg is aq‘gfstempt from the point q_f ﬁ.‘eg of this work to
simplify the sbove consideration: As suggested above, the greater parf of
the potential is probably contributed by the followlng system,

. Contact | W.F.S. | DoFu8e- - | Membrane
Electrode Medfum Cuticle cell wall | P.D. across | O.F.S.|W.F.S.|C.M.|Electrode
: " and ¢sll | and Plasma
wall Cytoplasm | Membranes

- This wi:}l not apply in the apical 'r;agions in the megaurement of transverse
potentials, where the dominant‘mase is the cellulosic., Hovever one would
expect similar cellulose Domnan capacitics at the two contact positions; moreover .
sinilar contact:media have been used; Therefore this cellulosic phase should not
generate any measursble Domnan potential, and changes in the potentials measured
mist b'eldpe, to ¢ytoplasmic potentials, though these will be smaller than theoretical
due. to sho'rtit-xg‘ out by the genuigsic phase. It is therefore to changes in the
" above system that we must lock to explain chenges in the transverse petentiala;. ,

- The transient changes due to the original penetration of ions into the
WeFeSe ‘_of,'th:e cuticle' and cel} ;wal). will ‘be thg firs‘t'changes that ‘ta_ke place. _
Algo, as pointéd out above; later i;hané,es_ due to io_n exchgnggé of the Donnan Free
Space will cause diffusion potentials in the W.P.S. which will peirsiet 411 equilib-
rium is,-, attained. Once equilibrium is attained the W.F.S, will not be influencing
the potential unless there is ion 'up'takg by the plant leading to steady diffusion

potentials, The Donnan phases of the ce'J,lu;L‘ose' wall will influence the potential
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| by altering the ﬁaﬁu‘e and obncentréﬁon o‘f' :ﬁ‘ms in the fegion of fhe
nenbranes as vell ¢ as by their oun contri‘mtions to the PeD: The final potential
will he dependent on the Donnan phase and the cywplasmic membrane potentials;
but as auggeeted before this Donnan oontribution may be largely shorted out and
'its eﬁ’ect on the ion distribution also largely xmll:lﬁed. |
It is assumed 4in thia woﬁ< that any changes in the vacuolar. and cytoplasmic

free 4on concentrations in the course of the experiments are emall, (Macrobbie
- aed, Dainty, (1958), found & half time for vac‘:‘uoiar ion equilibrium of 10° hours).
We also have obtained some experimental evidence that the half time must be long
in coleoptiles. for where the contact medium has been. chan@d through a series of
concentrations and is then returned to the original concentration the P.D. value
s cioée -to that originglly observeds This consideration may not hold in the
root region. |

- Changes in the Donnan equilibri\nn will be of an exponential form and one
would aleo ezpect similar changes in Donne;m potentisls,

It 45 important to realise that all ions within the cells will influence
the potential and it is only because certain ions prefominate ‘that it is possible

to. apply simple equations to the results.
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CHAFTER 4

FURTHER EXPERIMENTS ON THE ELECTRICAL
POTENTIALS 1IN OAT COLEOPTILES

SUMMARY

4 more detailed experiment inveatigating the characteristic
changes in the measured potentials subsequent to making contact on
Oat Coleoptiles is reported, It is shown that the changes are
dependent upon changes in membrane permeabilities, with perhaps
some water movement leading to changes in the tissue ion concentrations.
Anothet'exﬁeriment reports the investigation of the magnitude of the
potentials measured with various dilutions of Shive's solution as
apicgl contact medium but with Shive's solution always as growth and basal
contact medium, From the similarity of the graphs of the magnitudes of
the measured P.D's plotted against the log of the concentration of
Shive's solution and KCl,it seemed possible that the P.D, was largely
deternined by the x* concentration; however, an experiment is

described which shows this is not so.
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Some further more detailed experiments to elucidate the nature
of the potentials and changes in them, are now to be described.

QA new experimeht to clarify the potential changes upon making
contact was carried out. Shive's solution was used as growth and
basal contact medium but a flowing drop ring contact was used at the
apex with various conéentrations of KC1 solution as contact medium.
In every case the osmotic pressure was adjusted with mannitol to
be equivalent to 0,1N KCl., The potential of the apical flowing drop
ring contact was measured with respect to the base. Recording
continued for 30 minutes subsequent to contact application. The
apparatus used is shown in Plate 2.5. |

The results for each concentration are plotted in Figure 4.1.
and each result represents the mean results of three experiments. The
same coleoptiles were used for "A" and "C" and another, similar set,
- for "B' and "D", Figure 4,2, plots the magnitudes of the various pecks
and troughs in the potentials, against the log concentration of KCl
and here one can see from "Pesk 1", that the ‘Aé and "C" groups are
dietinct from the '"B" and "D" dut that a stiaight line relationship
is indicated,

The important points to note ares-

2 I8 Uitﬁ dec;ease in concentration, the positive potential of
the peaks increases, as does alsb the final positive potential.

2. Similarly the potential of the troughs also shows an
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increase in positivity.

3.

then the peak and trough potentials are plotted against

log of the concentration straight line relationships show up.

b,

There is an increase in negativity in "A"™ and "B" immediately

after making contact, reaching a pesk at 30 seconds and this is greater

in "A" than "B" and absent in 'C" and "D".

e

minutes and they are damped in form,

The oscillatfons show a periodicity of &, 5, 4, 3, 4, and 2

Consider the equations of the lines of the troughs and peaks

plotted against the log of the KC1 concentration.

Starting PeDe

1st trough
A & B onl)

18t pesk
2nd peak
3rd pesk
18t trough
2nd tfougﬁ
3rd trough
Final P.D,

A&C

g

Es -22 log1oKC1 -12

E= =18 1og1oK01 =30

E= <9 log,KCl =30

Eo a7 iog, KCL «20

E= -17.5 108101(01-26.4

Ex «17.5 1°81OK01 «26:5 Bz =21 1og10K01 =%

B =15.5 1og10xc1-2u.§ Ee

B&D

‘Bz »19,5 log1oKC1 -1?
Es «16.5 1og1OK01 =32
Ea =11 log, KC1 =34
E= =15 log,,KC1 =40

Ex =21.5 log,KC1 =36

PR OR Y

Mean
Ex 45,5 log1oKCI «7.5

= 43 log,,KCl -18

«20.75 log1oKCI =14,5
=17.25 10310801 31
«19,25 log1oK01 «32475
=10 10310K01 32 -
= =11 1031OKCI =30

Es -16.5 10310K01 «28.25

Ba «19,5 log1oKCI -31.25‘

Consider the following theoretical equations and their agreement

with the above experimental results.
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Theoretical equation 0.1N KC1 0.01N KCI 0,001N KC1 0.000=-1N KC1
s+ _Theor.| Exp., Theor.] Exp., Theor,| Exp, Theor

- PD in mv FD in mv PD in mv PD in mv

1st peak ' " — .

B =20 108 KCL =15 +10 | +5 w22 | 425 [ 454 ] obs | 461 465

ond peak ' _

5= =17,5 logKC1 =30 “12) ~12.5) +1 | 45 +24 | 422,5 | +34 | +ko

s =19 log,KC1 -30 =9 | -1 +3 | +8 +26 | +27 +45 | +46

ist trough \

i= «10 log,,KC1 =30 =21} =20 | -3} -10 -3 10 +10 | +10

nd trough ‘

e 12,5 log, KC1 ~30 “13] =75 =10 -5 1| 47.5 | 420 420

rd trough - -

e <1745 10g, KO =30 9 12,5 | +3 | 45 +24 | 422,5 | +38 | +40

Final P,D. ' .

s ~20 10g,KC1 =30 51" 7 | +10 | +26| 430 | 450 | +50

btarting P.D.. .

,;8 47.5 10310K01 .5 "13 -1205 "20 -20 "10 “2705 -35 -35

st trough A & B only _qr _ - )

= +5 1og, KC1 =12 20 | =17 2h | -22 -27 32

let us consider what these equations actually represent.
vathis is a simple membrane potential thea E= a log ¢ + b where (a)
contains terms dependent upon the membrane permeabilities to ioms in
the contact medium, of which (c) is the concentration. (b) containms
terms dependent upon the ion concentration of the tissue and upon
potentials due to other regions of the plant és well as upon other
ions within the tissues. Also the transient diffusion potentials
set up on first making contact are included in the b term, for the
mbbilities'of-xf‘and C1” ere similar and other ions in the tissues
will be at the same concentration no matter what the external

concentration of KC1 and therefore these potentials will be the same
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in all cases and not proportional to KCl concentration.

The theoretical equations give resﬁlts in good agreement with
the, experimental potemtials. This is not really surprieing as the
theoretical equations have been derived from the experimental, but it
is believed they can explain the results more clearly.

WVhen the contact is first applied to the coleoptile tips the
cell membrane shows slightly greater permeability to anions and the
potential contribution from other phases etc., (b), is small.

Due to the application of the contact the permeability becomes
greater for catioms (particularly-¥+) than anions (particularly Cl-)
and at the same time the potentiml contribution of other phases is
increasing. This confinues tillAthe first positive peak. As shown
by the calculations, in the higher concentrations of contact media
this will give rise to a fall in the potential after the first
contact spplication, followed by increase in the positivity. At
the first positive peak, the process of permeability change reverses
and the permeability to cations begins to decrease.( Ail cuses of
permeability change represent a relative change in the permeability
to ions. For instance, an increase in cation or a decreese in
anion gives the same effect, By measuremeﬁt of mfmbrane resistances
it would be possible to obtain a clearer indicati&n of which change
haa oécurred.) The potential contribution of (b) continues to

increage till it reaches a maximum at the first trough and then
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remeins constant, The first trough marks the point when there is
agein an increase in cation permeability though it does not attain
its previous value. This new peak is the seoond positive peak.
There is then a further decrease (second trough), not as great as
previously, an increase to a value greater then the second peak but
not as great as the first (third peak), a slight decréase, (th;rd
trough), followed by an increase to a final value similar to that of
the first peak, We therefore have damped oscillations in the membrane
permeability giving rise to damped oscillations in the potential.
These are summarised in Figure 4.3.A, The changes upon original
application of O.1N KC1 resemble the changes found with Shive's whilst
0,000 1N KCl1 resembles deionised water so the same explanation also.
applies with Shive's or deionised contact media.
It is now necessary to consider the changes in (b).
These will be brought sbout by:-

1. The transient diffusion potential upon first making contact.

2. Changes in the potential existing within the tissues, brought
about by changes in permeability of membranes (It is possible that the
permeability changes are not confined to the membranes in contact with
the contact medium only but that changes also occur in the other cell
membranes. If this were so one could expact (b) to reflect the
oscillations of (a) which it does not seem to do, but since (b) is

. composed of several other potentials as well, it may be the experiment
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wvas not sensitive enough to detect the oscillations.,
The evidence in favour of this permeabllity change is the
clegier agreement ih time and megnitude of (a) and (b) Figure 4.3.4.

3., Changes due to water movement leading to changes in internal
ion concentrations. It has been shown that the suotion force of the
coleoptile is osmotically equivalent to a 5 to 10 x Shive's eolution,
which is equivalent to 0.2 to 04 N KC1, In this experiment the
osmotic activity of the various contact media was adjusted to be
equivalent to 0.1N KCl, Vater msy enter the coleoptile tissue leading
to a dilution of the internal concentratioﬁ end this entry must be the
game in all cases, (This assumes the tissue is not fully turgid, which,
since the humidity is not controlled, is possible.) If this were 80,
then it takes about 5 to 10 minutes for the completion of water uptake,
after which it remains comstant, The dilution of the internal
concentration must lead both to a change in the potential between the
tissue and contact medium and the potential within the tissue.

The graph dilution witﬁ time one would expect to be of
expoiential form and it is seen that the points of (b) are in

reasonable agreenent with this,

There 1s one factor which rules out this change as one of major
importance, and that is, that the change in potential is proportional
to the log of the ratio of the internal ion coﬁbentration before and
after the change. For a 10x chenge in concentration, i.e. a 10x

change in volume, the maximum potential change is 58 millivolts, and
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it would probadbly be less, for this magnitude of change can only occur
if there is a Donnan potential between the tissue reglons. The volume
changes must in practice be relatively small, so it seems that changes
in membrane permeabiiity and not ion concentration, are the predominant
factor bringing about the changes in (b).

However, there is one way of testing the water movement theory,
for using a constant concentration for KCl solution as contact medium
and altering the osmotic pressure of ﬁhe contact medium by addition
of mannitol we can alter any water movement pattern.

"Such an experiment was tried. The value (b) will depend on
factors such as coleoptile height and growth conditions and as the
experiments were carried out on a different coleoptile batch from the
above, the results have been aﬁalyse& by calculating (b) using the
values of (a) from the above experiments. Each concentration is the

mean of three experiments.
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0,01 0.14 R ™
Mannitol Mannitol Mannitol
‘Neasured f;leasﬁred Ub | Measured RS
‘ P,Demv PeDotav . PuDemv
‘Starting P.D, +25 +50 +38 +63 243 +68
trough 419 +25 No'" PRESENT
18t peak - +57 -9 #57 9 ] +76 =10
1st trough +9 <2k | 415 «18 19 A
2nd peak +24 =34 +27 =31 1
, N-0-T ~P~-R~E~F~E~-N T
2nd trough +1b 27 +23 -18
- 3rd pezk . +27 «36 ,
N_-_o_-_fr—P-ﬂ-E-s-D-N-'r—-—-—
2rd trough +24 -3k , .
Fina]: Popo» "’33 ‘33 ) "’36 _'30 "’“9 "1?

Considering (b)

In all cases, there is a rapid decrease in its value after making
contact, and all show the same value at the 1st peak. After this, in the
«014 mannitol the decrease is still rapi§, reaching a constant value
between the first trqugh and 2nd peak. In Q.1M mennitol the result is
not so c¢lear, but the final value is similar to that of 0.0TM mannitol,
attained at a similar or perhaps a slightly later time. With the 1M
mannitol the value decreases only slowly and slightly from the 1st peak.
The results are also shown graphically in Figure 5.3.B.

With M mannitol the net water moveﬁent must have been outwards
for it is equivalent to 13 x Shive's, Etherton end Higinbotham (1960),

report coleoptile tissue as osmotically equivalent to 0.2M mannitol.

o



4.9.

The results show that the first changes in (b) are similar in all
osmotic solutions and therefore cannot be due to water movements, but
are ascribable to diffusion potentials, or changes in membrane permeﬁbility
leading to changes in membrane potentials. The changes subsequent to the above
do however differ in the higher and lower osmotic solutions, and are
probably ascribable to outward water movement in the former, leading to em
increase in the ion concentrations of the tissues.

A factor emerging from the results is that after the potential has
stabiliaed, (b) can be treated as a constant over a range of contact media
‘concentrations, as long as the most concentrated does not exceed the
equivalent of 0.1M mannitol,

Presumably with all solutions below this osmotic concentration
the cells of the tissue are fully turgid and therefore the imternal
concentrations simila:.

One unexpected feature of the results is that immediately contact
ie made the mobility of the anion appears to exceed that of the cation,
but later the reverse is true. Typically for plant tisscues, the cation
permeability has been reported to be greater than the anion., There is
no immediate explanation of this phenomenon and more experiments
involving further contact media, other concentrations, and the

accumulation of many more results, would be necessary before one was

forthcoming.
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Since the hypothesis put forward involves no ion movements
into the tissue, but only small water movements, this explains why
after changing through various concentrations of contact media, the
potential on return to ﬁhe original concentration is similar to the
original potential,

The conclusions from these experiments may be summarised as
followss-

1 The potential chenges upon first meking contact are
ascribed to changes in membrane permeabilities, transient diffusion
yvotentials and perhaps small water movements into the tissues,

2. Regular oscillations in the membrane permeability set up by
contact application, induce oscillations in the potential measured, but
a diecussion of the factors inducing the permeability oscillations is
left to the chapter dealing with potential oscillations in general,

(Chapter 12).

3. The eqpilibrium yotential is a membrane rotential, with
cation permeability ;xceeding anion,
Apart from the results with KC1 recorded above and a few with
10% and 100% Shive's solution, no results were available for the
change in P,D, upon change in contact medium, with constant growth
medium. In nearly all previous experiments we have more than one
variable and it has not seemed sensible to carry out calculation on

those results, but far more advisable to carry out a few further
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experiments with a constant growth medium. A flowing drop ring contact
was applied to the apex and various Shive's concentrations were used
successively as contact media on the same coleoptile. Shive's solution
formed the basal contact and growth medium. A saturated KCl selt bridge
was placed between the electrode and the variable apical contact medium
and the potential measured with respect to the base. |

The potential after a period of 30 minutes from contact

application was recorded., The results below are for two coleoptiles.

Apical Contact Medium P,D, millivolts
Shive's -1k -20
1055 Shive's +b _ -4
1% Shive's +34 +h
0.1% Shive's +57 +28
Shive's =12 -19

Figure 4.4 plots the mean P,D. against log-concentration.
The equation of the line is E s =21,5 1pg1oc + b vhich compares
with the E = -20 103100 + b found fqr KCl solution. This suggested
that the potential across the plant apical region was determined largely
by the K+ concentration in the external solution. If thié were 80,
ther the permeability to Ca++ and Hg++ must be low.
. The equation shows that the cation'permeability exceed anion
but the anion permeability cannot be zero, for the P.D., change for a

tenfold concentration change would then be 58 millivolts,
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In an effort to determine if Ca++ and Mg++ have an influence on
the potentiel the effect of using Shive's solution with only 1/'1000th

of the normal concentration of these salts was tried.

Apical Contact Medium P,D, mv Mean P.D. millivolts
Shive's =8 y=tliy =6 -9, 3mv
8a++(/1000th) -28,-36,~26 -Z0nv
Hg++(1/1000th) =11y =22,~22.5 -18.5nv
k+ (/1000th) 0, =14, #10 ~2mv
Shive's " »8,-20,~10 «12.6mv

-

The results are also shown in Figure 4,4,
The equations for the respective salts arei=-

K+ E= «2.4 log,CK+ =11.3
Mg+
Mgf+ E= 43 log1ou =943

Catte, 4649 1o, C Cas+ ~9.3.

It is now'obvious that agreement between the data for KCl and
Shive's upon dilution, was fortuitous.

To explain these recsults, it ic suggested that the membrane
permeability is a funotion of the K+, Mg++ or Ca++ ratio., When we dilute
whole Shive's the ratio is constant, and so is the permeability. The
potential is then proportional to the concentration., The same applies
with K81 alone. If we just dilute the K+ in Shive's the K+/Ca++ falls
and permesbility to cations decreases, which will decrease the potential
change from that with K+ alone, However, when we try to explain the
situétion with Ca++ and Mg++ dilution, we have to assume that when these

are decreased the cation permeability still decreases relative to the
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enion, yet we know that with KC1 alone the cation/anion permeability
must be the same as with Shive's. More experiments on this are
nec;ssary before anything conclusive can be shown but it seems likely
that interactions of ions on the membrane permeabilities are involvéd.
There may of course be effects of the anions to be taken into account.

Etherton and Higinbotham (1960)Ahav§ shown that with cells of
the Oat coleoptile, when the external concentration of K+ is decreased,
then the external solution becomes more positive with respect to the
vacuole. This is the same as our results.

| Etherton (1963), (personal communication), found that the

effect with Ca++ was opposite, agreeing with our Ca++ dilution experiment.

Examination of Etherton and Higinbothams' published data (i960),
gives the equation for KGllas o

E= «(20 to %0) 1og1o(K01) 4+ b vhich is in reasonsble agreement

with our results, confirming that our potentials are composed of trans-
memhrane ones.,

Hope (1950), for bean roots gives the equation as’

E= ~32 log,,(KC1) -38
Ueda (1961),
E = «29,7 10310(K01) «b for Opalina Sp.
This suggests that E= «(20 to 30) log1o(K01) may be generally

applicable'to plant and perheps animal tissues,
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Conclusion

(a) An hypothesis is presented which indicates that the changes
in potential noted subsequent to makiné contact with the plant are due
to changes in membranc permeabilities and to water movements which bring
about changes in the internal ion concentration,

(b) The equilibrium potential with Shive's solution and KCl
is a membrane potential with the cation permeability exceeding the snion.

(c) Comparison between our results and those of Etherton and
Higginbotham (1960) confirms that the potentials we measure are membrane
potentials,

(@) The equation E= =(20 to %0) log1o(KCl) + b may be generally
applicable in plant and perhaps animal tissues.

(e) The membrane permeabilitieé are dependent on the ratios of
various ions in the contact media. This agrees with other workers e.g.
McCutcheoﬁ and lucke (1928), who found that high external Ca++ decreased
pernmeability whilst high K+ increased permeability of membrames. This
also agreaﬁ*with the suggestion on ion antagonism, that only in certain

ratios of mono and divalent ions is membrane integrity maintained.
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IANGES IN THE BIOELECTRICAL POTENTIALS OF GREEN PLANT TISSUES BROUC

BY CHANGES IN LIGHT INTENSITY

The a&cidental discovery of characteristic changes inl the bioelectrical
potentials of green plant tissue, produced by changes in light intensity,
is dqacz';bed.‘ Further work on the influence of the intensity chenge, and
the timsfactor is detailed. Subsequent to this work, a considerable body
of literature on thé topic, was located which is now reviewed. | The
results of previous workers are -compamd with our owne It is shown that it
is changes in membrane permeabilitics that bring about the responée. vith
perhaps the involvement of some changes in ion concentrations. The effects
of the application of ammonis and carbon dioxide, on the plant potentials
are detailed and these responses are compared with those of light. It is
concluded from these experiments that the illumination responses are mediated
through pH changes brought ebout by changes in the photosynthesis rate.

It is shown that coleoptile tissue responds in a similar manner to

green plantf'tissue on application of ezmonia and that the ion balance of the

contact medium influences the magnitude of the changes in green plant tissue

potentials on changes of light intensdty.
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'l'his effeot was disc&eﬁd by a compiefe accident during work upon the
reéti}.g potentials of Oat seedlings; It" was roted that odd cheracteristic
potential changos had occurred dur:lng the oourse of .an experiment measuring
the P.D. between the Oat: prinary leaf and seedling base (Figure 5e1.A)s
From oalculations of the times at which these changes occtmed. 1’6 was found
that they coincided with entry into the laboratory to exmnine the reconling
It wes then suspected that light might be 1nvolved, for thou@ the entrmce
was light trapped, thie wae by n0 means fully eff:l.cient. ‘ f

"We had no knowledge at that time of any previous obser;vations of 8
bio-electric response by green tissue to brief 111um1nation, and we had
not, t;ll 1:hen, envisgged;a study oo these ]_,}nes. Howover, the effects
vere so fascinating that a foirly extensive study was carried out, the
firet part of which was undertaken before earlier literature on this topic
had come to our notice, Subsequently a consideratls bocw of literature has
been located which confirmed some of the observationa we had by thel made.
‘In the description that followe there are however some completely new
obsgrvations. |

The Oat groins were sosked, germinated, and the,n"mvm in red light
at 200C as previoualy described. Seedlings with coleoptiles about
25 millimetres long were selected and allowed to contimue their growth in
uhite tungsten filament 1ight of 2,500 metre=candles intensity at 250C,

" When the seedling height had attained about 11 centimetres the seedlings
were transferved to the experimental gs_sembly, the form of which is shown in
| PLATE/
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' PLATE 2.5, ;me base contact was qul:e via —ﬁxe. growth medium and a "ﬂt‘m—
1ng dmp ring" contact was applied to the tip of the primary green leaf,
The apiéal contact was ,connected to the low input lead of. the Vibron,
Experiments were carried out in contimous wesk red light (1 metre=
candla). and the stimlating 1ight vas glven by white light of 2,500
metre candles intensity, unless oﬂ‘xerwise stateds _Heat was alwegs fil-
tered out by a glass tmug,h containing 5 centimetres depth of waters.’

| The, light source vas posi—tione;l vertically above the seedling,” Unless

,other@se{'sta,tecl‘ Shive's colution has been used asgmwﬁl and.contact
medium. -

'ﬂle li@t that reached the seedling when the deor open must have
been of ghort duration, The first exPQriment therefore consisted of
exposing the plant to varying periods of vertical white uyat. The
results are shiown in Pigure 5,1,B, It vas found that with increase in
~ the exposure time the response increaseds Bven with only one second of
1ight ‘there; vas a detectable responses If seemed from the form of the
curve of PiD on the resulting chart,that vhen the light was tamed on a
 change started, which was modified vhen the light was tumed off. This
was not an A1} or None" f‘esponse such as the actibn‘potmﬁal of Nitella
.Species‘g-
| It was now necesgaz*y to discover at which of the two contact
positions the changes were taking places A new electrode and contact
were designed which enﬁbled a very mrrov beém of gh intendity light to
be incident on the tiscue precisely at the position of the contact.. This
 ip shown in Figure 5.2, With this arrangement there exists the possi=
bility of the contact medium being heated and this could be suspected of

| causing/
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: oausing the response.

: “The ligxt bulb used was rated at 0,6 watts and the rate of contact

.. meddtm i‘low wad 1ot less then one millilitre per mimtei 0.6 watts is a
rate of énergy flow equivalent to 0.144. calories per second. This could
- z"éiSe the water temperature by 8.64°C, ifvall the heat was transferred to
the flowing eénta'é;f medium stream, | However the area of the eonfact bet=-
wéeh the bulb end the sctual flowing contact tube was small so rediated
heat ivénld make the majqr contribution to heating the medium, 'Ail parts -
of the contact tube were painted black, making it an efficiéﬁt radiator.
Algd the rate of alr flow to the vacwum line was made large, which would
help to cool the medium, It 1s doubtful therefore vhether the tempera-"~
ture rise would in practice be significants’

'Using such a'contact on the primary leaf and a basal contact in the
growth medium, the light effect was identieal with that recorded before,
indicat{ng that the basal parts could be contributing 1little if anything |
to the effect, for in this experiment, the 1ight can be confined to the
' apical contact.

in oxpertnent using illumination vith white light, interspersed with
varying dark periods, was then carried out: (The weak red lisht was cons
timious’ thmu@ou_t)'.» 'The results are shown in Flgure 5.3, ~The times
noted on the graphs are the lengths of the dark periods.

| This showed that there were both light anddark effects which were
opposite in foifm', and that a period. 6f approximately 30 minutes between
the two was necessary for the gsystem to be able to give the full responge

o

o/
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' toa change to nght or to darknesa; At shorter intervals the effeets

_— observed were a combination of the two responses. ,

(_,,

' As the recorder ueeé was not partionlarly fast reeponding. a hand
recorded experime;m had to be carried out to determine the exact time
after fhe light was turned on or off.. that the response commenced, This
showed that there was a lgg time of approximately 15 seconds. 4

Fyom the resulte it also scemed that ﬂluminated tissue was positive
in potential with respeot to similar unillmninated t:lssue, at eqlﬁ.‘l.ibri\m.

'Ihe effects of the light 1ntensity on the magnitude of the response
were now, investigatef_l. It shou;d be pointed out that the 1ight 1nten-
eities quoted are those measured perpendicular to the leef surface and to
the direction of the 1ight at the point of contact. The actual 1ight
sbsorption by the leaf will be much less than that for plant tssue
'perpendicular to the direction of the light. in thie. experiment the
11luminated primary leaf vag the High, - The results are recorded in
Flgure 5.4s Over the rather limited-rangs of intencities used in this
experiment (1000 to. 3,500 metre-candles). the magnitudes of the effects
1ncreased with mcrease in the intensity change This confirmed that it
was not an "All or None" reaction, and showed that it was not a lie;ht/dark
effeot but an intensity change response.

me other aspeot considered in this series of‘experiménts was fatigue.
Figtm 5'5 shows the regul ting graph. lWi;:o 90 eeoond periods of darknees
- every 30 mixmtes and 2000 metre—candlee i1lumingtion, there was mo evidence
of fatigue. The magniftude'o? the effects were also remaﬁ:ably constant.

- Therefore/
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| Therefore we may ascribe changes in the responée of the szme plant at 0
minufq 1ntewals. to ohang_eé in the experimental eonditioxis.

ﬁxanges in the potentiel measured between an oai: aeedling primary
leaf and the basal growth medium ocour on changes in 1ight dntensity.
These changeg take Place in the leef tissue nojl: the basal regions of the
seedling, ~ ‘Below are glven details of the typical responses, tﬁe uppe-r
contéct being high, The polsrities recorded therefore are thoee of
the p rimary 1eaf with respect to the base. (In mbst of the_g:ﬁphs 80
‘far shown the reverse has been the case). Tﬁe brapketedl‘ﬁ;.gm'.es are the
: abbreviationa which will be used in the work when referring to the
vé.riou_s ﬁarts of the resultse |
M@mm |
' | i’nia consists of an increase in negativity commencing about 15 sec-
| onds after the increase in lisht intensity and reaching e minimum between
30 eeconda aud two mimtes (1st =), This is followed by an mcrease in
| positivity to a8 maximm at 3 to ten mimtes (1et +) and then another
” minimum (2nd -). Any embaequent oscillations are small end rapidly

jﬁlez'e 19‘ again a lag time of epproximately fifteen seconds followed
by sn inczfeasé in poéitivity to a peak i)etween 30 seconds and 2 minutes
:(;lst +). - Tis .{g followed by a mintmm (1sb =) at 3 to 10 miutes,

This/ - .
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s is followed by & 2nd positive peak (2nd +) aid then enother minimm (2nd =),
These osc:l.llations are more marked than on increase in u@t mtensity but
after the 2nd - they are rapidly damped.

The changes upon inereaae in intensity are seen ho be opposite to those on
:‘.d;crease and with a decrease in time between intensi ty changes, the responses
~ "overlap and cancel out, therefore it 18 beldeved that the seme gysten is in-
volved in both reeponsea. ' ‘

They are not "All or None" responaes but increasse with inorease in the.
intensity changes |

The final potential of tissue in the higz intensity light ie positive
with Arespeot to the same tissue in the lower.
| There is a lag time of about 15 seconds subsequent to the intensity
change,; before potential changes are detectable and the potential takes about
30 minmites to stabilise.

No fatiguo is detectable under constant exporimental conditions , vhen the
-intensity ~,c_hanges are separated by 30 pinute intervals; this allows scope for
experiments on changes in the treatmeﬁt applied to the same plant, Below are
listed the 781'10“5 PaPel‘S that weére located subsequent to' thé. above work.

Haake (1892) ‘appears to have been the first to obsem alterat!.ons in the
electric pqtentials in plants as a result of illuminstion. He found effects
both on db;nﬁencement and cessation of illuﬁtinaﬁoﬂ tut only in chlorophyll con-
taining tissues. - He a;ésociated these changes with carbon dioxide assimilation
" but also saggestod that water movements might be involved, though he thought
| fhéir/
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their influence would be slight. He tried altering the éxternal concentration
of carbon dioxide but obtained no positive 'msulﬂa. ‘

mein (1898) published results showing fluctuations of potentials caﬁsed
by illuminating and darkening leaves of various plants, However hs was con-
 cerned to' establiah a relationship between . the polarity existing between the
elestrodes on first meking contact and that induced by 1isht.

A.D, Wainer in geveral papers sround 1900, recorded light end dark
-effects in several plant, epecies ut whereas the two above workers had

nluminated the whole pla.nt. he 11luminated at the poaition of one electrode
only.- Ho found aiffenences between indigidual plants of the same species.

('but &8 ‘these were detached leaves from garden or pot plante this 1s not mrpns-
ing), and between different species. He found with a sli@t increase in €0, .
there wés‘ an inqte&s‘e- in response,. whilst with pure 002 the respbnge disaﬁpeared.
Ihe;e was no response in the absence of 002. The effects were found in
chlorophyll containing tissuss onlys There was & latent perfod of 3 to 10
seconds ﬁefore' the response occlrreds: .

‘Bose (1907) considered the effects arose from the matural "excitabniW" of
plant tiseue @ué to the stimilus of 1ight. ~He mted m effect in en etiolated
celery petiole oontaining no chloryphyll. _

Valler, J.C. (1925-29) found the effects were restricted m green t!.ssues
except for a conﬁ.mation of ﬁle response in celery peti.oles. He also oonﬁrmd
Waller 4,D.'s obsenrations of GG effects and roughly 'established that the aotion
spectrum Was d.milar to that of rhotosynthesiss. In the later paper, he '
suggested g’reddx ‘origin of the potential qhange‘s. . Hé noted that the magnitude
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’ of the response altered with previ@ua gmwﬂx édhdiiidns. aﬁd .that the fom of
N the response varied from Speéigé to spetdes. He also récorded offects with
atmospheres of ndtrogen end’ hydrogen, and svggested that ﬂie results were dus

y to the lack of. oxygen, but as there was o addition of carbon d:l.oxide o ﬁle
‘gasea, these coz}g;us‘:ions are not valid. This point is emphasised by the use
. of en @t;mly:_different plant’ Spe'd';ies.in the carbon diexid’e.‘experiments.

He fbund with increase in the inténsity chatige an iﬁérease in response.

. Sheard & Johnson (1930) found that with &mﬂower and Poinsettias leaves
and stens there were rapid and large changes in potentisl (300 mill:uvolts) bet-
ween the tips and bases on 11lumination’ with infra-red light. Visible 1ight
:‘at the violet end of the spectrum and ultra-vﬂet produced aimilar changes tut
Of smaller ma@imdea (5 to 100 millgvolts)s They also found that if ozome
end oxides of aitrogen prodnced by passing air ﬂzraugh a quartz mercury ars
were passed into 8 contaj.,ner enclosing the: leaf there was a similar response.
"ﬂ'\er-efore. théy suggested that the effects of the I.R; and UV, light were to
ion:i.se the air. With Sunflower, they fomd‘upon changes in {1lumination,a

close correlgizlj.pn‘b‘etweén the P.D, developed and temperature changes produced
by the illnmigajtion;. . They maintained the temperature constent and then
{11uminated with U,V fres light and found potentisl effects’ which they ascribed
éo Infra*réd Alight.u, . They also found that illumination with U.V. and with I.R.
decreased tiaeue resistance, whereas visible light had little effect. |
Glass (1933) publiched. details of the effects of 1icht on the electrical
potentiale in Elodea leaves, He found that when a 1ight was shone on the _leaf. :
there was a period of about 6ne mimute in which there was elther m change or |
si:metimes a heg;ative pesk. This was followed by an increase in positivity of
A ' e/
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fhe_nlmnated Hesue, Upon turning off the light; there was a sharp
imediats fall in potential, followed by a slowing down of the fall, or even
a small Tise, followed by e further fall to the original dark potential.
Onion roots gave no response.

Harsh in a serfes of papers between 1935 and 1979 investigated the
effects of light upon the electrical potentials in Valonia; He fmmd that
the action gpectrum for thé rosponse resembled that 6f photosynthesis and
also_that the potentiel change/light intensity curve was sinilsr to that of

_rate of photosynthesis/light intensity, He noted that €0, concentrations
affected the results, in that light could restore the potential when it had -
- ,._been depressed by mcmasing t;xe. 002 concentrat:.ons. "The changes he recorded
, consieted of a d!'Op in the P,D, across the protoplasm on transfer to a lower
14ght intensity, and a restovation in higher intensitits, The P.D/Mime
grapb for this’ change ‘shows several characteristic spikes which Marsh does mot

Brauner I and M. Brauner (1937). mrking on Helodea deénsa, ttnbuted the

:,potential changes prodused by 1ight to alteraﬁona in the ionic permeabﬁities
| of tha leaf surface. ,They based this hypothesis on the ;'esults of experiments
| involving different concentrations of -contact media.
- Blinks and Skeow (1938) used a glass electrode to show that upon
.111uminati.on tHe ﬁrst PH response of the protoplasm of green tissuss condsted
of ax;‘_,g_.ncreafs_ed.aqigity, followed later by a -decreased. There was an "alkski
_ .g\;sh" upon cessation of illumination. He suggested that these "sushes" were
‘-‘responsible for the origina:l. rapid potent:ial changes, opposite in polarity to

" the ﬁnal responses.upon changes in muminatiou intensity.
| Brom (1938) found that the potential response action spectrum for Chara

resembled/




50010

resembled that of photosﬁnthesis, and ho alsa‘ fownd effects of 00,
and 0, cencentrations upon the réspaneéa His grapha resembled thoese
- of Glass. He found, vith alﬁemating 10 nimute periods of 14ght end
dark. no gigns of fattgne.
Blinks (1939) also iwtea effetes of ught upon the potentials of
Helicystis and Vaionia He related thess to PH changes brought about
| by eo mnsmptien. Be fbund no effects of Ultruvﬂoet and Infra-red
and the getion spectrin resembled that for pbotosynthesis “Hig changes
gnd.eted of a rapid mgat!.ve péak follbwed by a slower inmwe in the
»posiﬁ'!re potential of s outelds of the cell vith respeet to the vaouole.' -
upon ﬂl\minaﬁon. Ke found eﬁ‘eeta wiﬁx both: 00 anﬂ 02 coneentraﬁon '
| .ehangea and claimed thatxaoetic acid had a sim.lar effeot as high m
| ooncmtz'aﬁon uﬁon ﬂla pot%al. implying 8 pH effeet. -Eé also stated
'that anmnnia a.ltered the 'ugw response. From msults with various KC1

conta.ot nadia eoncentration, he ooacluﬂed f:hat the ulttnate effect of ugzt
was an alt:eratl.on of the gurface. proper‘biea of‘ ;the cella.

Nishtsald. (1958 «) 4n a serdes of papers has mves'!:igated the 1ight
and daxk potaxtial respégaes of Phaseolus vulgaries leaves. He has shown
there is a similard ty between the action spectra of the potential changes mdv
photosynthesis and he haé investigated :.!mé mtanéify/ﬁme miaﬁonsmps of the
response. He hag aleo imsﬁ@ted the i.nrluence of altaraﬁons 4n the K0

concentration of the eantaet medi.e on the magnitude of the potential responss.
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Bé oohcludes 'that the 5§1r‘st;:‘-‘chnnsee may be attﬁl;t;tad to- changed
permeabiliﬁes of the cell manbranes o 1ona but later ehanges sy not
and are perhaps attributable to 1on or water movements.
Ioabrique. (1969) found sn on/off 1ight effect upon potentdals in
Walker (1962) reported the accmental discova:w of a light/potential
' effecﬁ 1n Chara cel.la. L:I.@it :lncreaaed ﬁle magx:ltude of the potentlal
! {d.ifferenca measurad aoross the plasma lemma and g-eaﬂy reduced its
"?9,51,?}81199» He found that for this effeot o be shom, it wvas eseential
 to have nggmanab;cgrbonate dons ;nthegammm. and tm 14 vas
.- dépéﬁdé’:_;g upon phot:osynthesis. He ascriqu the dec'rea_sed gqsistanoe to
) :l.ncreased pemgabui‘ty to the biqazmgate fonss He s’:vﬁa'ted: that, "“This
appears '{:o be the firat .ﬁenionsfration of a large éffe;ct ‘o'f' light on
._Amambrane msistance" | | )
Oomparing the above ;bstmcted resulta with our own. we f:lnd that
both Waller A.D. and J.C. had similar responsee to ours with some plants
(CGerantum), l'mt.with others (Iris am; Cabbage), the first negative pesk on

turning on the light wbs‘miag'nga
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Brown and Glass both foumi a8 fapid original change in potential upon |
change in light intensity but there wers no subsequent oscillations..
Marsh's description of & cu'r\re‘wiﬂi several spikes resulting from changes
in 11lumination ;Lntensif.y suggest a resemblance to. our own, and Blinks
found a rapid change followed by a slower of the opposite polarity shich
is also similar. .In all these cases the polarity changes reported agree
with those recorded by ourselves, '
| Nishizaki, whilst 'pgdncing a very similar curve to our own, notes
opposite polarity changes throughout; we hope to clarify this discrepancy
by correspondence. . .
There are two possible explanations for the potential change's‘s'-.-
(a) Changes in the ionic permeabilities of os'Il membranes.
(B) Chenges in internal ion concentrations due to ion or water
" movements. | , 4
As pointed out before (Chapter 4) -water movements are unlikely to contritute
signiﬁchntl‘y to the potential, and changes in ion movements will probably
in any ,éase iﬁvolve. changes in memi:rane permeabilities, There is ome
paper which does suggest that there might be a case for a l:lnk betweon
photosjmthéais and water movement, Glinka and Reinhnd (1962) found that
hi@ GOZ reduces the permeability of the plant tissue to water alid MW gh .02
increases the 'permeabiiilty by 40%, This effect was not dus to pH changes
m the _réspons,eiv éaa rapi . The relatively high 002 condition might corres-
pond with the state of tissue in the dark and the high O, with the
11luminated state, in experiments in which potential changeé were observed.
A éimple vay to discriminate between systems 4 ani'B is to compare the
| | effects/
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effects with- d:l;fferexit concentrations of contact medium.
| The apparatus and method used was as described before tut various
concentrations of KC1 solut:l.dﬁ were used to make contact upon the
primary l.eafr‘g though the oesmotic concentration wasadjusted, using manni-
tol, to be.always the equivalent of 0.1F KCl. The basal contact amd
growth nediun were Shive's .solution. The potential recorded is that of
* the primary leaf with respect:to thé -base.
'Bxe experimental procedure waev t= .

(1) Potentials were sllowed to stabilise in 1ight.

(2) The 11ght was turned off for 20 minutes. ‘

(3) The 1ight was turned on and the potentisl allowed to statiise

again,

(4) e contact medium was changed and the potential allowed to

| stahiise againg vhen the. above was repeated.

Fgure 5,6. shows a graph plotting the m@itudee of the points of
inflexion of the response en'rw_aa ageinst theRCl concentration: The
results all give ressonsble straight lines. The equation of such a
line is l-f— |

B = a— log € + b where E is the measured potential

- " C s the concentration of the apical
contact mediup and
b is a constant,
If the phenomenon observed arises predominantly from a membrane: potential,
then "a" contains tézﬁa dependant on the ion permeability of the issues
. ot/
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and "b" contains temsAd'ependent upon the potentisls existing within
the tissue, as well as upon the lonic concentrations of the tisewes,

Assuning the potentiale are membrane pitentisls, ten calealatinns
of "a® anid "b" for the differing pesks and troughs of the 1ight
responses will gve an indication of whether changes in permesdbilities
or fon concentrations are :I.nvnlved. |

| ’Ihe equations of the lines have been calculated using the method

of least squares. o '

'me ‘equations are o

, Stable P.D. in 1igh‘8 Es <16 logl KCl - 36,6

Light off let = B=o7log, ECl=44.6
" u_*"gm.,, E ==10 103‘; KC1 « 37.6
" W ond E = <8,5 log, K0l = 38,6

The a:d - oocurs about 29 mizmtes after the 1ight is turned off and
eorresponds cloeely with the tﬁ.me the light is turmed on again,
‘Iherefore th:ls equation can be cons:.dered t0 approximate to the stable
potential 13 the daric,
| ’ m@m on st + E = =37 1og KC1 = 24

| 2nd = E = 19,5 log KO « 41
When the 1ight was tumed off, thers was mo matked lst +, though in two
therewas a sxnésll‘peak of less than 0.5 milldvolts end th the other, the
ne@ativéz change daiq mi: occur immediatelys Similarly when the 1ight
was turned on there was no lst - peek but there was a lag of about one
minute before the lst + began, :

o Since th,e_se results are-based .Aon'one experiment only we must not
B | | place/
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place too much reliance on them: However they clearly demonstrate the
greater relative permeability to cations particularly o in the 1light
than :.n.thq dark. (As stated before in Chapter 4, susreincrease in
‘cation permeability 1s suggested, :I.t‘could just as easily be decrease in
@ion, éfd‘-ﬁ). . There is also an alteration in the potentisl contrittion

of ™", which since the dnternal ion permesbilities should also alter is
lwhat one would expect._ |

With ﬂle "light off" effect oscillations in the permeabil ity bring
‘ahout oscillations in the potential and they are also reflected in
2 corresponding oscillations in "bY,

With the "11@1; on" effect the lst + peek is explicable from the
permeability change but the 2md = peak is due to a change in (b) independ-
ant of (4). - "'D!_is was also noted indirectly bﬁ Nia&Zaki who states that
this pesk s.e'.indep'endam:_of the contact medium concmtfatipn. It may
be d#e to a change m'integnal ion concentration.

We are left with the first changes in potenticl ot present in
these graph's t© cqns;lde'f'a- ‘I'n another experiment these were present at
0,025H ECL concentration tut mot at 0,5§ and in yet another, not in
0,0250 KC1 tut in detontsed vater, It seens therefore that with increase
in contact medium concentration these also decroase in mgnitude.
{Mehizekt's graphs show & aim:l_.lar result). 'l‘hese peaks can be inter-
preted as a momentaxy 1ncreaee in cation permeability on darkening and a
decreaee on illumination.

Having assumed that ﬁxeée changes are 1argely brought about by changes

in/
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in the membrane permeability, wé must now consider what factors may
influence the membrene permeability, Early in the work on the éffeci:s
of light, we'were struck by the similarities ﬁetwe‘en the potential
changes snd stomatal opening. ’

evge (1) Both are dependant on photosynthesis.
 (2) Feither is an "all or mone" response.
(3) Stomata have been reported to open in some cases
within one ndquté. |
.‘l‘he accepted hypothesis for stomatal opening is te
(a) Light — photosynthesis —> C0,, utilisation

d >
(b) pH shift as 32003 BO + 002

"(c) Snift in starch/sugar belance or imbibitions) chenges
due to theka_ shift, leading to greater osmotic pres-
sures; water uptake end stomatal obening.

It has been shown that by exposure to ammonia vapour, stomates can
be induced to open, and by exposure to acetic acid, to close. It
was therefore decided to try the effects of applyim acetdo acid and
i amoni_a in the contact medium.

It was first necessary to'determine if this would produce an elec-
trode effeot end an oxpériment using a water sosked strinz to represent
the plant, was tried. When the contact mediun was chenged by means of
- a two way tap, from O.IM.KZEO4, golution to a similar solution con=
taining 0,158 ammonia, there was only a small change in the potential

(1es0 tban 2 MV),
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_ , . HMzxtures of potassium'di-hydxogeo phosphate and potassium hydrogen
_ phosphato with acetic acid or ommonia, or unsupplemented, were chosen
as contaot media; os thase a‘.llowed la;ge pH changes with 1little clhange
in the other ion concentrations. In all experiments where mixtures of

m Pﬂ and K HPO 4 alone were employed. oontaot medie. changes from one

... pHB t‘o another never produced changps resanbling light effects, though
of course there were changes brought about by the differing ion con-
oentrations. ‘

When ammonia was added to the contact tnedium,l effects very s:l.milar
to a "li@t on" response vere pmdnced. 'mese consisted of a
negative peak' followed by a positivation of the potential of the tissue

to which it was appned._ wvith respect to the base, '

These res'u_ltsv ore- shown in Pigure 5,'}_'. along with the "light on"
effects upon the same plants. m_zaxylth‘e ammonia wag _romved_ there was"
no effects bnly;in-ooe cage, when the ammonda was used in a rather
high conc'entfaﬁon (Q_alsﬂ), the effects could not be ropeated after the
ori_ginaj. _.r‘_esponse.\ l Alse in this’oase a subsequent 14t effect could

_not be produced & it 16cks as though permenent injury had been caused
_ Bov}ever a‘}t'ﬁhis high eoncentxaﬁon the initial result was particularly
l4ke that produced by light (Pigure 5.8); In the graphs of the results
the apical contact was low. _

B_elow is given & "table comparing the 1ight and ammonia effects in
the different experiments, S ince it is difficult to discover emactly
.. when ihe enmonia reachss the plent surface due to the changing tap being
at some distance from the actual contact, the time of the first visible

chanep/

gy
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change 4s taken as zero. With light, the instant when this is tumed
' 6n is- taken as zeros The magximdes of the potentials recorded

' rep’:"esem.'t fof thé lét' negative . the pdtential difference between the
| etable potential and the 1st tmugl, and for thd,ls:h posit.we. the
" potential ‘idegorence botisen the first trotgh Mat pedk.

Ern ;,~‘ Ay e
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There 15 seen to be a quite good agreemient between the two and it
fherefqre looks as though the ammonia can to some extent reproduce the
changes induced by lisht ~ With amonia. however, there is rarely a 2nd -
which suppor}:awthﬂeszrevious. suggestion that this 1is due to changes in
intemél_ tiesue potentials which the surface gppli_cétion of ammonig may
. not induce; but light does, | N _ | '

In one experiment with smmonia, the contact medium hed been left
exposed to the atmosphere for several days and when this was used, there
vere no responses, even though the same seedling gave typical light
resmmes.-,”.. When the pE of the contact media was measured it was down to
8.5 compared with the usual 10+ due to the absorption of €O, . When this
mediu_m was replaced by fresh; typical responses were obtained.,

HO + €0, — gy ———> '+ HeO.”

2 R ey T~ ' 3
. '. - .
PNE,OH 4. ,52003'__;?— (m,), 0o, + 280

The concentration of ammonium ons would be approximately the same in
both ‘the.f,resh‘ and stale solutions (some will have been lost as ammonia gas
at the surface, but at these concentrations, this will only be amall),
Therefore, the response must be induced by. the hydroxyl doms, unless
~ bicarbonate dons can inhibit the response. Such an 4inhibition seems
unlikely for later it will be shown' that a contact medium containing a high

concentration of carbon dioxide has 1ittle effect on the response magnitude.
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Ifa high external hydroxyl don ooneentration (possibly in
combination with ammonium dons) 1is required to produce a sufficient shift
:m the intemal pH for @ reeponee, thie would explain why no other pH
changes brought about the response. N ’ _

Experiments vere now commenced with acetic acid in the eontact
medium. giving a PH of 2.5, in the _hope that a dark response would be
mduced upon a oontinuously illuminated plant. mere were no

' .resemblances to dark responses.. One ‘wondered then 1f the dark response

vas a result more of oarbon dioxide built up than of decrease in pH.
‘It vas therefore decided to try the change from a nommal contact medium
to one made up with an aqueous carbon dioxide solution. ~ If ¢arbon dioxide
build up_wes involved,, this might produce a dark response on a
continuously white 1isht 41luminated seedling, |
. 00005 KC1, with and without carbon dioxide, was used as the contact
medium,  When the ee‘rbon dioxide mediun was applied, there was a large
and rapid fall in the potential of the primary leaf with respect to the
base. (45mv) reaching & minimum at 15 mimutes, This was followed by a slow
recovery to a potential of +25 mv compared with the original*'50 mv. When
the carbon dioxide medium was removed there was a small negative trough
followed by a rapid rise in potential to +40 mv in 5 minutes. This resembled
a "light on" effeot, o
. The Tesult agreed with E}inks who found that Carbon diozide at
ﬁoreééeﬂ concentration, 'deoreased the positive potential. If carbon
aloxlde had been liniting in photosynthests, it vas possible that any

build up was too amall to produce a typical response. We would then



| et
have to assinne that- upon the removal 'of the carbon dioxide medium the
' intenml concentration drop was sufficient to produce a response; also
in tmrange of intensities. increase in :lntensity gives an increase in
reaponse. which if carbon dioxide is lmiting should not be the case.
Experi.ments were also tr:led on the “light on & of £" effects with
and without carbon d:lox:ide enricbment of the contact medimn vhich gave
the following results.

Befowe 9, Application |

lat+ | lst- 2nd+ 2nd- | st~  1et’ fmcl- 2nd”
lmv 190 va o Ciw | w lom T
| With €0, Present
__lvet"" ot 2nd*  ona- - '_'igté 1ot"  2ng- 20"
Omv 12w 4w &mr 0 0w Aw 13w
lAfterOOét.Revx‘név'ed‘ o
15;"' ;s'a-._ m" onge st 16t"  onde 20d"

7y
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The pesk megnitudes vere calculated as recorded before,

The carbon dioxide seeme to have little influence on the light effecte, if
anything intensifying the "light on" response, | This does not agree with
Blinks who .-found“that‘high carbon dioxide éoncmtratiohe'reduced the
response. . However upon  the .evidence of our one result it is impossible
to draw any true comparisons.

A similar experiment was carried out but vith gmmonia present in the
oontact: medium, Agein there was no obvious influence, This again
disagrees with Blinks who found that a.mm;opiu:m‘ salts reversed the polarity
of his 1ight responge, =~ o | .

- There are many unexplained features of ?he results and obviously
mch more work would be necessary to produce a sensidble explanation, but
a8 a_tentative hypothesie, it 1s suggested that the "light on & off"
effects are due to. internal pH changes brought about by changes in photo-
synthosio- . m:t'emal pH changes oni& influence the 1ntema1 pd when there
is high external concentration of hcrdrowl #ons as the membranes sre
relatively mpemeable to E ‘dong but- permesble to OF dons.

(1) ,Applicafion of ammonia to oat seedlings can briog about changes in
potentisls similar to those produced by light. D

(2) The higxer the ammon:la ooncentration. the greater the response in a
similar manner to incraased light intensity.

(3) Bven though treatment with amonia involves only a simple increase in
the external pH, a first nogoﬁve, and first positive change are detectable;
it mreaaoned that a similar gimple pH change brought about by light could
induce similar effects. |
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(4). With emonia, a 2nd negative change is not visibie.‘ but since previous
resulta have indicated that thisz change is a function of potential changes
within the tissue, one.could expect -this for the applied ammonia cannot be
having much more than a swrface effect, |
(5) Beither removal of ammonia nor application of low pB medis would indue
& typical ‘"Dark-response”, nor did spplication of carbon dloxide saturated
- contact mediﬂm. R ‘
(6) It 1s suggested that light brings about photosynthesis with utilisation
of carbon dloxide leading to ‘an increase in pH which affects the cell
membraneg end produces. the pote;zti_al changes, | In the dark the reverse
- process takes place. - This also applies with changéé in light intensity
which w’:lu oinfluence the photosynthetic rate, . o ‘

There is a large body of literature upon the inﬂuence of light on
ion avsorption and tissue pemeabilities to dons. The following details
are taker from E!lectolytes & Plant Cells by Briggs, Hope & Robertson (1962).

Hoggland Hibbard & Davies (1927), chowed that in Nitella there was a
_gréater accumlation of C1~ & B, ~ in 14ght than in the dark, Jacques &
 Osterhout (1934), found 1ight increased the absopption of K’ by Valonia
ﬁéc:ﬁi;ﬁyé_ag and Ingold (1936), shoved that the same epplied for Elodea
wewsa ' 'Bhe latter also found: the external PH was greater in the dark '
than 1n the n@t.

Abias (1947). showed that for Vellisnerda spiralis, the uptske of
chloride was increaaed in the light, MacRobbie & Dainty (1958),
mveatigatea the effects of 1ight on Na' & K" flures in Rhodymenia palmata and
found that those of Na* were little affected, but there was a marked
increase in the offlux of K" ana probably in its influx,
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A1l évidence shows that 1izht increases ion movements across the
membranes énd_’thenéfo:e,'for the'purpose of our mveotigétion increases -
the membrans ‘pemoabilit'y._' ' This applies to both anions and cations
- but from our results this inorease mist be greater for cations than

anions. o o : o _
! Anothér interesting observation recorded byCurtis & Clark (1950,
is that’ alkalis 4ncreage permeability whilst acids decreass, which would

" agree with our interpretation.

There 1s a B.‘I.milarity between the "ligat on" response and the
potential changes reaulting from the applioation of contacts to Oat
coleoptiles. It oeemed possible that the latter reeponoe was due to the
pH of the applied contact medinm. However, over a pH range of 2-10 the
responso was similar in form so it can havo nothing to do with pR

, Another experiment tried vas the effects of ammonia on oat coleoptilea.
The result is shown in graph in Figure 5.9. Ammomla induced a small
negative ohango followed by a large positive potential. similar to the
l:l.ght effect and also the amonia effect on primary leaves. The property
of manbranes to respond ina charaoterietic manner to ammonia is not the

pive‘*roaat;lve_ of photosynthetic tismm-.bu_t is present in others,

} An odd feature of the results of the bio-electric restonses of oat
seedlings to illumination was that in no other type of contact medium, at
any concentration, nad the lst— upon commoncement of illumination.
approached in magnitude that originally found with Shive's, It was felt

“that this poasibly indicated an interaction of ions on the membranes.
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To test this suggestion the 'fol",lowing experiment was carried out,
'Shive'-’s‘ sblutio’ns containing low concentrations of calcium: magnesium, or
potassium salta were, in turn, used as contact media on the same oat
seedling -With each contact medium ‘the potential was allowed to stabilise |
in the/' dark, then the light was turned on, left for 30 mimutes, then turned
off/.  The ‘potential was then allowed to stabilise again, then the contact
medium was changed etce  The basal contact and growtl; medium was normal
Shive's <s<>1ij1;ion.thrqug'hout'. This contact was .o:lowe The results are
shown in Figure 5.10, . These are for the "light on" résponse only as the
"light off" was atypical. :

There is tdo mmch variation in the normsl Shive's results at the
beginning and end of__gll;ia“ ggperimegta to dx"at_e_any,conclusiona other than
with regard to the 1st= peak, With KC1 alone as contact medium,
decmase in concentration increases the peak ma@itude. but apparently

~ in the presence of Ca(NO ) and/or I'!gSO4. there is a decrease,  Also the
peaks are amazingly large tgi,th‘ ow c_a(N03)2 & Mgs0, solutions, It is
believed that these results indicate an interaction of fons 4nfluencing
the membrane'ympemes. 1t would seem that the 1ight response would be
a useful tool for the mvestigation of the mteraction of 1ons on the

Plasme=membranes. ' e
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(1) Changee in ughé mtaxiaiéf éanéé characteristic changes in the

electr:lcal potentials of green tissues Whose magnitudes over & limited
range at least are proportional to the intensity changes. It is not

| ‘ "a,u or none" responae. |

(2) F&'om obeervations of the inﬂuence of changes in K01 contact medfum
concentrations. “the potential changes are interprreted as due to alterations

of membrane pemeabilities vith a greater cation pemeability (particularly
£*) in light han in dark, |

(%) ' Since ammonia can to some extent reproduce the effects of light,

1t is suggosted that the light response is mediated through pll changes

’ .brougxt ab»outAb;.r nhotosfynthesis; | |

| (q) I’ijidence_is presented that shows the compoeition of the Icontact

medium can influence the membrane permesbility changes.

........................
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. SUMMARY:

Details of previous work in this field dpegiven. Preliminary
experiments on the application of IAA/agar blocks to the apices of double
decapitated coleoptiles are described. These are followed by details
of more comprehensive experiments in which the IAA was applied in solution,
using e flowing drop ring contact. The results indicate that a
longitudinal transport system moving at a rate of 12 millimetres per hour
exists in coleoptiles. Application of Shive'd solution or IAA leads to
the transmission of a stimulus at this rate, back along the coleoptile,
which causes the poteﬁtial of tissue it is passing, to become more positive
with respect to other tissue. "Ijhe changes are ascribed to changes in
" membrane .Perﬁleability induced by chénges, in the IAA content or ion balance
“of the tissues.

An origingl observation on a surface property of auxin is described.

Growth of highor plants is dependent upon the presence of small
concentrations of certain chemicals. These are known as auxins, The most
common of these substances is indolyl acetic acid (IAA). In the oat
" coleoptile this substance is mamifsctured in the spical cells and then
transported back to the growing region which is located a few millimetres
below the extreme tip. If the apical cells are removed (First decapitation),
the source of IAA is removed and-growth ceases. However, a new physiological

tip develops. after about 2k to 3 hours and growth then recommences.

Ie
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If 3 hours after first decapitation the apical 1 millimetre of coleoptile
tissue 1s removed (second deeapitation), theré is then no further development
of & new tip and the coleoptﬁe 1s left depleted of its IAA, This process
is known as double decapitatiéﬁ. If IAA 45 now applied to the cut tip of
the coleoptile growth is resumed. Since there is known to be an intimate
connection between IAA and many plant processes one could perhaps expsct a
relationship between IAA and plant electrical potentisls.

Newman (1959 & 1960) reported that it was possible to detect
transport of indolyl acetic acid (IAA) down an Avena coleoptile by changes
in potential. Under constant conditions] he found that the potential,
between electrodes placed longitudinglly 2 millimetres apart on the surface
of an intact coleoptile, underwent regular oscillations of 15 minute
periodicity and a few millivolts amplitude. If the coleoptile was "double
decapitated”, these oscillations disappeared and if half en hour after the
second decapitation an IAA/q@r block was placed on the tip, the primary
leaf having been removed, a series of changes in ghe potential occurred
petween the electrodes on the plent. These consisted of a positivation of
the upper contact; followed by damped oscillations. The wave of potential
changes passed down the coleoptile at a rate of 14 millimetres per hour,
which approximates to that recorded for auxin transports He also found
that upon illumination of the apicel 2 millimetres of the coleoptile with
vhite 1ight, a similar wave followeds . .. . ... .. ... '.

.. ..Thig seemed to us to be a very interesting and important result,

. gince it suggested that a tissue of higher auxin content will be positive
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in electricel potential with respeot to a_tissus of lower auxin content.
This is the result found in studies of geo= and photo-induced potentials,

It seensd possible that geo- and photomeloctric potentials could thus be due
té.,ﬁiffe:ences in auxin concentration rather then vice versa. It was

ness; it was felt, in the use of IAA/agar blocks, and that was that the
concentration of IAA is contimuslly decressing, due to the diffusion ocut,
Itwasthought that this ,mi@t“explaii} the damped oscillations, which, if
the concentration could be maintained, might become stabilised. Also
there is always the problem of gotting close contact between the block and
the\-plant tissuess

The flowing drop ring contact was admirably suited to the application
of a dvop of liquid at a constant concentra'ﬂon, and was used in this ﬁrk.

e potential was measured between a pair of flowing drop contacts
situated a fow mimetres apart along the length of the coleoptile, and
the apparatus was similar to that shown in Figure 24 The contact and
growth nedium used throughout was Shive's solutionj (Newman used 0.01.
N:E«C))e The first series of experiments investigated whether oscillations
in potential do disappear after décapitaﬁon.

Figures 6. 1. A.B.& C. show graphs recording the potential
measured between two flowing drop contacts placed on the coleoptile before
déecapitation, after first decapitation and after second decapitation three
~ houre 1'at9~r., - The upper of the two contacts was high and Shive's solution

was used as growth and contact modia. Where oscillations exist before
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| in o _case wers oscillations present after second decapitation, However
decapitation causes large changes in the potential and 4t takes about 30
mimites for these to_subside after second decepitation, There is mo
correlation between the distance of the contacts frem the apex and the
disappearance of oscillations after first decapitation, which we thought
might have been the cage, 1f the disgppearance of oscillations was co-
rrolated with removal of euxin by decapitation,  However,the differences
obggggegf,hggwggn_tpe_coleoptnes mey be connected with differences in

tissue auxin content.

S e e e s A

- :..... The oscillations are not of sine-wave form but consist of rapid
positivation to a plateau maintained for sbout 15 mimutes, then a rapld
decrease, fouowed..MS§. immediately by a further. increase. . The
periodicity is 15 to 25 minutes and the amplituie 2 to 3 millivolts.
Even when e'uoh_Aos,c;l.llationa were not present, the potential was
never really stable: This is a result of using the smsll contact ares,
floving drop contacts, where the potential is mever as stable as with
ring contacts. Ring contacts form a lower resistance contact and also
average the potential over a large area, giving a wore stable valuve,
- Figuré 11,1; shows one result of the measurement of the potential
between a flowing drop ring contact on the coleoptile and the growth
medium, in a “"double dedapitated® coleoptile, and reveals the remarkable
constancy of" potentialss = Also; an experiment with ring contacts.on an
intact coleoptile; showing the sinusoidel wave form typical of later

work, is seen in Mgure 7.4.B.
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One other interesting result was found with a coleoptile in which
the primary leaf emerged during the experiment; in this the coleoptile
had stopped growing and without any decapitation the potential showed
..atabilﬂyo. Since the coleoptile wms only 19 millimetres tall when the
 leaf emerged, the most likel-j reason was a cessation of auxin production.

The above results are consistent with Newman's observations.

The implications seen to be as followai= ‘
' Decapitation, with comsequent guxin depletion of the tissus, .
eliminates oscillations. '

W¥here the oscillations are observed, they might arise from any
of four circumstancesse

A F’J.ucﬁxations in rate of transport of auxin to the tiagsues.

‘B, Tluctuation in rate of suxin production at the source.
€+ Fluctuations in auxin content of the tissue brought about
by a fluctuating rate of inactivation, (eigs IAA-oxidase system).
| Di;. Tluctuations in a bio-electric potential generating system
whic.h operates only in the presence of auxin,

Tho next tw experiments involved the application of agar blocks
oontaining two parts per million IAA to the apices of "double decapitated"”
coleoptiless; These gave the graphs shown in Figure 6.2.

The positi.ve potential of the upper contact increases relative
to the lower. cemencing at a time corresponding with the arrival of a
wave of stimulation;. preatmably due to IAA travellmg from the apex at a
rate of 10 to 13 ni1linotres por hour,
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Corresponding with the increase in the positive potential of the
lower contact with respect to the base, there is a decrease of. the‘
positivity of the upper contact with respec.t to. the lower, This is what
oné ﬁrould expect as the IAA wave passea down. In theée experiments
hovever there is no evidence of oseillations, but jmst an incresse in
positive potential with the arrival of IAA, followed in the case of the
upper contact by a subséquent decrease. | '

With the agar. however, drying out rapidly occurred, and this
was when it was decided to use é flowing ring contact to apply IAA.
(In fact the contact was originally develoﬁed for this purpose and later
adapted for the electrode contact). (Pigure 6.3.)

: In using a flowing ring contact, it was first neoessary to
detemj.ne the effect of the carrier liquid on the potentials. .
Deionieed water was applied alone to the apex o,t" a "double decapitated"”
coleoptile, but 4in th’é two oxperiments where this was done.‘/fthe potential
changes measured at the contacts subsequent to the application were lax;ge.
Shive's solution was ‘a‘lso tried and in the preliminary experiment the
changes did not seem as large; so a whoi.a series of experiments was
carried out using Shive.'s solution. | |

.in _'this se_;‘ies of experiments the upper contaét .'was placed 3 to
6 millimetres below the 'deeapitated apex. The primary leaves had been
plucked _out_,‘ yet in only one case did the solution penetrate down the
centre of the,coledptﬂe to the .oontact 1ev§1, end then it took 45
nimtes to penetrate 3 millimetres.
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With _Spﬁe"s solution containing cne part per million IAA, the
penotration was far more rapid, end in an effort to prevent it reaching
the contascts within the experimental peﬁod. the contacts were positioned
7 to 10 millinetres below the apex, but penstration was so rapid (10 milli-
metres per hour), that nearly always the auxih solution reached contact °
level within the experimental time,  When the solution reached contact
i_eVel, there was generally a small jump in potential, but the direction in
which the potential was changing before the arrival contimed after the
arrival, and even when the 11quid had passed the level of both contacts,
potential changes occurred and the potential was not zero. A

According to the observation of Wilks and Imnd (1947) end Schrank
(195031953) the IA-Shive's solution should have shorted out potentials,
but even 1f the solution was acting as 'tize‘pathwaj of least resistance,
at the contact poéition, coleoptile tissue separéted it from tixe contacts,
Asymmetric potential could be generated here,

As ‘reeorded later, this penetration difference between Shive's
solution and the seme solution plus ome pairt per miili.on of IAA was
further investigated.

Pigure 6.4.A. chows the results for Shive's and IAA/Shive's:
Thoy are the mean of 7 and 5 results respectively, and the average was
found by taking the time and P:D. when the liquid was applied to the
apex as gero, and working out the mean p&tentiale lat %.75 mimate

intervals.
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Witﬁ Shive's, the potentiel after application.of the liquid is
genorally slightly more negative than with 14A/Shive's, though in the
figure the difference is accentuated b}} t&;el very high nega{;ivit& of one
Sﬁive’e reault; This may be a ‘regult of the closer prox;imity of the
~ electrodes to the apex when Bhive's solution was applied, but this
implies the rapid conduction from the apex of a stimlus whose atrength
diminishes with distances Such a stimilus is aleo indicated by the
large changes subsequent to decapitation, It is difficult to generalise
on ‘the potential chanées subae_éuent to the initial negativation in Shive's,
other than to say that a pesk positive potential is reached between 19
and 37 mirutés (mean 30 minutes) after applying the solution. With IAa/
Shj.vefs this peak is not reached before 60 mimtés after epplication.

In both cases it de difficult to say when the change to a positive
potential begins, but; as suggested before, when this reaches its peak;
it may be supposed. if due to an auxin wave. to correspond with the
arrival of the auxin wava at the lower contacts Since there vwas a
\consic‘lerable variation in the contact positions, a rate of transport of
m of 12 millimet‘ree per hour was assumed and the colegptile results
then éomstad for the positions of their contaets. "For a coleoptile
with a eontact 12 millimetres below the apex the oorrection is ¢=0 but
where tha aontact is 10 millimetres the graph commences at &: +10 minutes
and at 8 m!.llimetres = +20 minitess  Figure 6:4. BiC: shows the mean
rasulta for both upper and lower contact corrections. With the
comotion. the pesks of positive potential of the Shive's and Shive's/
IAA more closely correspond. If we assume the pesks correspond with the
arrival of the solution at the lower contact, we get values for the rate
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of transmission from the graph corvected for the lower contact position,
of. 12,8 millimetres per hour for Shivé's, ‘and 11,3 millimetres per hour
for Shive's/IAA, . . | |
... (a) A longitudinal transport system operating at a rate of
approximately 12 millimetres per hour exist in coleoptiles. . .
() Shive's solution applied to. the apex produces a vave of
‘positive pot*en%ial passing down the coleopﬂle at the above rate.
It 45 therefore impossible to conclude from these results that IAA will
algo bring ebout this change, though from the observations with agar
blocks it seems .,1';9;35911@!?19.1?9. infer that it will,
___These changes in potentisl, it is suggested, are due to changes
in membrane permeabilities to dons brought about by IAA or by the ions
of Shive's solution. = .

T P

_ Since the orig

a1 change s an increase in positive potential,
it 45 duo to s relative increase in cation permesbility, _What brings

. about the Tapid changes after decspitation or application of a solution
to_the decapitated apex is mot known; but since the cytoplasm throughout
the plant s contimuous, it is possible that s change similar to. the
aéﬁiqn_pémtial of Nitella or an animal nerve, is conducted away along
the oytopleSmi. .. ... .. i e

. This is conjecturs without evidence, though experiments with

various concentrations and compositions of contect media might lead to a

tenable hypothesis.
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Van der Veij(1932) and Went (19537) both racord rates of transport
of suzin bf 10 to 12 millinetres per hour which egrees with the rate of
tratisport wo found for the thive's aa;ldtion and TaA stimali.

Some brief axperimsats on the penstration of IA4 solutions into
coleoptile oylindero were trieds

Coleoptiles between 25 to %0 millimetrea long wers decapitated and
hed the prinary Yesf wthdrava snd vere then divided fnto tw groups,

Tho firat group had the "zesds™ snd roots removed and the coleoptiles were
than placed in petri diehes containing either plain Shive's solution or
Shive's with one part por silifon %A%, ‘The accond group was treated
likewiss, throo hours later, after a “¢ocond decapitation®s; One hour
after immersing in the solution the dogres to which At had penotrsted was

The results are chown in the following tables

SHIVES ' | TAA/SHIVES

HO DELAY 4,8 23467 el 512 1.6m
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. .Since the penetration was not as great as vith a flowing drop contact,
18 vas thought possible that scration might be important, so the above
| emeriment waé :;epeatéd, ‘but this_time, 'tl_xe,_dishgglggzie_gpakeg.‘
Penetration was. eonsiderably greater. It is however possible this was .
due to 8, more efficient mmersion of the coleoptile cylindera by shaking.

In the first case they tended to float to the surface.

. D4BLE 6,2,

' SHIVE's - IAA/SHIVE's

' R - -Probably. - R .
NO DELAY 7.2) AT S

-

3 HOURS Vi o Tot - - ,
DELAY . }704 w. ) ¢1mm

' KRR A e e 1/~ J e R

In order o ensure g good contact betwaen the coleoptile =

aplces and-solution, in the next experiments, the cylinders were puahed

s@‘-.lmpna,w This ensured that the apices were immersed., This method

gave the smallest penstration of all experiments,
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DAELE 6,3,
SHIVE's - . | IAA/SHIVE's

R Significant 5% e

NO DELAY ' 2,0 = 1,34 Tovel > 3,0 = 1.58m

-4

3 HOURS Y o : i’ '
DELAY 207 - 53( M 304 - lom

For all experiments Student's ¢ test has been applied but rarely are
the results significant by this fest,.‘ However in sll experiments solutions
containing IAA show gz»eatei penotration than solutions without, If the
~ penetration depends on & éurfa‘ce property of IAA then one would expect the IAa/
Shive's solution always to show similar penetrations and the Shive's solution
likewise.  This is the picture that emerges from the significant diferences
that do exist. If penetration depends on internal suxin concentrations the
expected results would bes=
Penetration with IAA/Shive's = no delay (higl internal auxin, high external)

greater than Shive's  « no delay (high internal, low external)
groater than IAA/Shive's « delay  (low internal, high external)

greater than Shive's - delay (1ow internsi, 1.091""' external)



where =°ds the three results ares-
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Inverted

IAA/Shive's = delay - IA8/Shive's = po delay - IAA/Shive's = delay
100/Shive's. = 1o delay I84/Shivets - delay .1AA/Shive's = no delay
Shive's = no delay Shive's  « no delay Shive's - delay
Sh:?.ve's Sp.ive‘é «~ delay Shive's « no delay

« delay

1

This agnin Sugsests that it 45 a property of the IAA in the solution

rather than suzin in the plant, that sets limits to the penetration.

Solution aeration also séems to be important, fors-

‘ (i) Thé flowing ring coptact shows inore rapid penetration than any

~ of the above

© (44) When the solution is chaken the penetration is greatests

Fo references have been fourid to this auxin phenomenon, and, apart

from these few experiments, no further work has been carried out, as it was

felt to be rather too far outside the limits of the works It has however

been thought worth recording, as this appears to be the firat observation

of 124 acting as a surface active égenﬁa
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CONCLUSIONS

(1) Decapitation of coleoptiles leads to a reduction in

¢ e e P e M s e e aws w % sraw @ aeae

N

oscillations in the potential and efter second decapitation they disappear
completelys L

(41) application of an sgar block containing auxin (IAA. two parts
per million) leads t0 a wave of positive potentisl passing down the.
coleoptile at the accepted rates of auxin transports, 12 millimetres per -

houre -

[es P I T R T et en e samaAm e et e e eh w e m oty o

(134) Application of Shive's solution lesds to a similer wave.
. (1v) The response is ascribed to changes in membrane permesbility
brought sbout by IAA and changes in don balance of the cells.

.. (v), Tere is evidence also for a very rapid stimulus passing
down as a result of decapitation and application of the solutions. The
mechanien of this is wnlmowns . . . . ... e .

_...{v1) 1aA solutions penetrate further down the interior of the
coleoptile than do solutions lacking IaA, It is suggested that this may
be due to s surface active property of IAA, rather than to the intermal

auxin concentration,
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PHEOTO-ELECTRIC RESPONSES OF COLEOPTILE TISSUE AND RELATIO

A general description of photo-tropic responses of coleoptiles
end then & detelled discussion of previous work on tho effects of
" 14ght 'on the electrical potentials of oat coleoptiles are given,
| Experiments we have carried out, which indicate potential
responses both on turning on and off white tungsten lemps, and also
provide evidence of the involvement of auxin in the changes, are
described. . , e e e
. 1In & discussion of the results, it is shown that the transverse
potentigl gradient to which had provicusly been ascribed the function
of auxin redistribution is in fact -itseif caused by the asuxin
redistribution,

- Photo-troplams of plant tissueare in general due to differing

growth rates of the tissue on the illuminated and shaded sides,

The Avena coleoptile shows an extremely complicated photo-tropic
response; for with increasing energy of illumination, it passes through
e "first positive phase”, "first negative", "second positive", "second
negative", ending finally with a further positive phase of tropic

rogponses.
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The "second positive", is the .mp,i.m present in normal daylight
~ and is the one used in this work.- because, for reazons given later, it was
felt necesaary to use continuous light.

As the eoleoptile tissue shows a direct light growth response it
| - has been mggested thet the differi.ng reeponaes on the light and shaded
gideas )could eccount for the resulting bend, but it has been shown that they
are insufficient by a factor of 4. This 1ight growth reaction has a fast
and slow component; the former, the fast response, has been likened to a
shock reaction; it is not proportional to the energy change and has been
asoribed to a transient decrease of tissue pensitivity to auxing the latter
component is dependent on tip illumination and is supposed to be dus to a
reduction in the auxin leaving the tip. |

'Ihe maximum regon of photosensitivity for inducing tropisms is
restricted in the coleoptile to the extreme apex and the further one moves
away from the» tip, the lower is the sensitivity, (2 millimetres down the
- sensitivity is 1/_36.—000 of that at the extreme apex, according to Sierp
and Seybold (1926).  Blue light s the most offective, vhilst red 1ight
is without direct effect, though it may nodify the sensitivity to shorter
gpectral regions,

3 The photo-tmpic response occurs in the region somewhat below the

tip. Calston (1959), quotes a figure of 1 centimetrs, but from films we
have taken the region commences from 3 to 5 millinei:ras below the tip,

There must be conduction downwarde of the stimxlus to this reg.on.
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... .The basal reglons of the coleoptile are also Pphoto-sensitive, but
require higher dosages for response than the aplcal, and the action
spectrum differs, which may imply a different receptor, .
...}t bas been shown that under unilateral illumination glving
Positive curvatures, slthough there is little reduction in the total
auzin (144) leaving the epex, thers is a redistribution, The grester

,quant_ity"pff;",aug.@_ is on the shaded side and it is this which gives rise

to_the positive tropism,

.. there are only a few papers on this topic end yet on these
observations partly rests the hypothesis that tropiens are brought
about by the lateral transport of auzins along potentisl ,@ésl;l,ent;a set
up across tissues by unilateral stimilation, fuxin ig en anionand
W11 fove §0 the osttive side. Gholodny (1926-27) first suggestod
this with regard to geo-tropien, and it was then suggested by Went (19%2)
that the speed and polarity. cbﬁ?m@ris.mg of hormone transport could

- be expleined on the basis of basipetal migration of suxin by electro-

phoresis, the bases of plent that had then been investigated usually
belng positive with respect to the apex. Clark (1957) claimed that the
meagured electricel potentials in the plant had mo parallel with auxin
movement,, but, Schrank (1944+52) in a series of papers, shoved that
where tropisms exigt so do transverse pot.entiﬁ%s...end, suggested that
these caused the surin redistribution which the Cholodny=Went theory

of plant tropism required.
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. .¥eller (1925) performed some exporiments on the light effects on

otiolated geedlings, which are comparsble to dark grown oat_coleoptiles.
Ho fowid no cliaracteristic changes in potential, _He'did however find
effects with blanched celery petioles, confiming Bose's observation on
this points ' Tllumination increased the positivity of the illupinated
party whilst furning off the light had the opposite effect, Unfortunately,
the perlods of light and davimsss wers of only five mimites duration,
periods ‘too short to give an indication of the full effect.  Bose (1907)
is completely unhelpful on the form of the chan@es. Just mentioning that
he found effects in tissues lacking chlorophyll and citing the celery
petioles as anexample He wag seeking to prove his hypothesis that all
Fiﬂé!%qs‘,a?é sensitive:to light stimulation and to discredit Waller's (1900)
observations that only green tissues were lght sensitive,

... .Claxk (1935) found: that with etiolated oat:coleoptiles,there was
absolutely mo_effect on the potentials on turning on a leht (100 vatt
placed 40 cantinetres vertically hove the coleoptile), but 5:to 30 minutes
later, vhian the 1ight was burned off there was a period of damped vscillations
commencing ﬁith...é.p;ceitiva.ti.@. of the apex, The effect was most marked in
the apical ?emegn_gi,,th'.eﬂ codeoptdle. . . . ... . .

.. ..This paper does not eppear to have been fully understood by Wilks
and Iund (1947), for they obeerve "Clazk has reported an inorease in the
negativity of the apex of the coleoptile of Avena .@-_a;msxﬂt.of_}lluminatins_
?he‘.pl.a.nt; from above," (Bioelectric Fields and Growth, P.26.) and yet the |
originalpaper Clearly showed that the changes occurred only on a cessation
of ;llllminétiqn. and that they consisted not of a simple increase in the

>
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negativity of the apex but rather oscillations commencing with a poedtivation
of the apex and a final return to the originel potentisl.
. Vilks snd Tund (1947), also Tecord that "Unilatersl illumination of

‘the apical 2 millimetres of the apex of the coleoptile in the mormal

rosition csused the shaded side to become more negative with respect to

the illuminated sides at a point 5 to 6 millimetres helow the apex.”

 This regult therefore had nothing to do with the direct effect of light

on the coleoptile tisgue but indicated that a stimulus perceived at the
apex could in some way be conducted back to the base: Unfortunately

- they publish no data on the time scales involved.

~ Opancorth (1941), had reported that with a ligt dosage of 500 metre-

" candles, giving a positive tropic response, the lighted side became.
 pocitive with respect to the sheded, and Schrenk (194§ and 51), published

data showing that under continuous unilateral illumingtion giving g
pogitive curvature a P.D. was develc;ped across th,_e apical cells of
€oleoptiles, such that the lighted side was firet positive and then later
negative to the shadéd side. '

 Backus end Schrank (1952), published detailed graphs of changes in
longitudinal and transverse polarities ungef‘ different light dosages

glving both positive end negative tropic responses. They used only 2

minutes of illum?.nation and it is not possible to say whether the results
were due. to the commencement or cgssats.on of thion. They knew |

of Clark's work on this point, in fact citing the referfance in this faper.
Backup end Schrank (1952), meke one important contribution, for they show



T« -6

PO B o ~ e e T T S A

that ﬁl}é chénéea_ on the two sides of the coleoptile were similar in form but
differe‘d in magnitude, so giving zjiae to the transverse potentisl difference.
- Newmen (1959) noted that vhen a light was shone on the apex of a
coleoptile & wave of change in the electrical potentisl passed down the
coleoptile at a similar rate to that of auxin transport,  As the wave

passed a contact, this contact became more positive with respect to the

reference contact.

| (a) Both commencement and cessation of illumination cause changes
in the potentials of coleoptiless These changes take place throughout
the éoleoptil,e but are largest at the apex,

(b) Stimuli may be transmitted back from the apex to cause potential
chgnges further down the coleoptile,

(¢) similar changes in potential occur on the front and back faces
of the coleoptile but differ in magnitude.

Ahy.e‘xperiments attempting to be of value should distinguish between
the direct effgcts of light and the effects conducted from some other part
and also between light on and off effects.

The latter problem was solved by the use of light continuously
epplied for a time period sufficient to complete any electrical response
and then turning thé‘ 1light off for a ‘similar period.

Clarkc (1935); had reported that there vas more varistion of potential
in red light than in complete darkness. It therefore seemed advisable,‘
as it wes hoped to use red light aé-background 1lizhting during these white

light experiments, to check this observation. The results obtained
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showed no difforence in the degree,of variation of the potential measured
in red ldght and complete darkness. (It should be moted that Blawuw=
Jansen (1958) Teported a different photo-tropic responss in red-light-
.g‘mw‘n' fcol_eo‘ptilesl from that glven by dazkgroyn, and c_lgaimed,that this

RN ’.1.?:9 next, experdment tried was,.ﬁhgf_qf.;shin.i;lg__a_li.sbtyer.t,ica.lly
on to the tip of the coleoptile merﬂa,_.f.lcﬁins drop ring contact was
~ placed and measuring the potentisl difference between this ring contact
and_the basel growth medium, _In this series of experiments theo white
tungsten light had an intensity of 4000 metre~candles gt the level of
_ the contact and.the heat wos filtered out by a trough containing 5
centimetres depth of water. - Shive's solution was used both as growth
and contact mediun, and the apparatus vas that always used with e flowing
drop ring contact. Plate 25. . . .. ...
..., The mean. graph_was obtained by taking the potentials at regular
intervals from the contimious recorder graplis for a number of coleoptiles
and taking the. arithmetical mean, . The P.Dy, and the tine, when the light

wasttn'nedonoroffwastakenaszem.

i C

~ There are large variations in the potential after _setting up in

, lig‘ht.‘ gaa_‘tu;ned on, the potential variation was less ‘than 2 millivolts
(Eigu:ej_'{;‘,l_)!:'d SO
... Consider the graph of events after turning on the light, The .
fractions .quoted nge.pegch- pesk or trough on the graph indicate in how
manjé:perimenta this pesk or trough distinctly occurs, e.g. "A" q'qc;n_'s
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in 4 out of 4 experiments, _ In none of the 4 experiments is the graph
cxactly of the form indicated and in 3 of the 4 experiments B* ig below
the vg-lge'of the’pqtenj;igl when the light was originally turned on.
In.3 out of 4 experiments “C" is smaller then "A" and in all the exzperiments
"D".1s below the zero line, . The relatively positdve pesk in-the "D°
trough occurs in only one experiment, |
Al'l experiments show an inorease in the positive potential of the

apex after 30 minutes but in only 2 experiments is the valus attained
greater than the original potentials (After this there is no similarity
in the graphs).. Fgure 7.2.A. shows what really represents a more
typical curve.

The important things to note are:e

(a) White light hes an offect on the electric potential of the apex
of the coleoptile with respect:to the base (C.F. Clark § 1935).

(b) The effect starts immediately the Iight is turned on.

The question now is why do these results differ from Clark's?
There is the possibility that the coleoptile; being arown in red light
in contrast to Clark's which were grown in total darkness, may contain g
factor, (e.g. a pigment), causing the change in potentials, If we assume
this factor is rapldly formed in the 1light, then although Clark obtained
no light response; he.might have dark effects after a period of illumination,
However, even 1f this were the case, since it has been shown by Mlger (1930),
that completely dark-grown coleoptiles ere the most phototropically
sénsitive, it would infer that the potential changes on turning on light
have nothing to do with the subsequent tropisms. |
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. Now wo consider the dark effect and again the ?-D; and time when the
light 4o turned off i teken as zero, (Plgure 7.5.)

- 3 out of _5‘8110?! e negative slope as soon as the light ig turned off,
and in ano_ther-gréph there is a change to a less positive slope go A"
should probably be below zero. In only one graph does the peak in trough
"C" occurs  “BY and "D" are appmximétely the same magnitude in 3 out of 5
of these experiments and ere positive in all but one, "E" is always more
negative than "C". In two graphs recording went on for longer periods of
time and osc¢illations continued till recording ceased which in one case was
2 hours later. . The oscillations had a periodicity of approzimately 30
mimutes & 7 and an amplitude of about 5 millivolts.

F;lgtu'e Te2+B. shows what 1s thought to repregent a more usual response

than the arithmetical average of these few results. ‘

Comparing this with Clark's (1935) results, we find that "B, C, D"
correspond with his first positive peak, "E" with his first negative, "F"
with the next positive; thus there is some agreement between the two.
3ince he took readings only every 5 mimutes he would miss "A", whilst "C"
nay haire.béen too small foi' detection by his e;l.ectrox_neter,l or may not have
existed inhis variety of oat: In conclusion, then, Clark's (1935)
regults with refg'rence to the dark response are conﬁmed, but we also find
e light response yhich may be due to a difference in growth conditions,

Vhen one compares the light "on®" and "off" results in Figure 7.2.,

it is seen fhat there is a quite close agreement on the times of the
various peeks and troughs, but their polarities are reversed. v,‘This suggests

that both.of the effects are mediated through a similar systems This is
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. elso bome out by the "D" troughs and pesks after 30 mimtes of 11lumination
. and lack of, Fospectively, being the largest in magnitudes of any part of
the - responses. \ o
T’ae position at the apex is complicated by the fact that 1t is

impossible to diatinguish between the ‘direct effect of light on the tissue
‘and changes due to the stimulus reported to pass dowp_the qoleoptile;
" other expcriment separating these two factors we‘re'devieed.
Flowing drop contacts were positioned tra.nsversely 3 millimetres
" below the apex. 'and then a narrow beam of light was projected from one eide
on to the apical 1.5 millimetres of the coleoptile tip. ’l‘hiavwh_ite
tungaten light had an intensity of 2,500 metre=candles, and gave poaitive
' phofo—tropic curvatures; The results, the mean of 4 graphs, ave shown in
Figux'e TedeAs  The slight negntivity irmediately after turning on the
‘light is believed not to be due fo the light, as 2 out of the 4 graphs

show this change commencing before the light was turned on, and another '
shows no change impediately after the light 45 turned on. The stimulus;

in the form of a 7apid potential change, réached the contact level in
‘approximately 20 minutes, giving a rate of transport of 9.0 millimetres

per hour at 20°C,  Newnan (1959), found a 3 mimite time lag between
 cotmencement of illumination and beginning of the downward conduction of
the stimilus, at 25°C, This delay, which will no doubt be greater at
20°C, will give & rate of transport greater then 9.0 millinetres per hour.
 Newman (1959), found a trarisport rate of 8 millinstres per bour at 15°C, o
and 14 millinetres per hour at 25°C. for the stimulve,.  Van der veij (1932),
recorded a rate of transport of auxin in decapitated coleoptiles of 10 to
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12 millinstres per hour at 25°C, though Went (1935), chaimed that in
intact coleoptiles the rate is .hii,gl.;er..a‘t,;.ls,.‘mil,lix}leﬁma per bour, =
It is‘suggégj:'e_gl”tl_zpygférfe.- vtha't the stimilus recorded in our results is
in fact an auxin wave. e

_The result confirms Newman's (1959) ob_servatiqn. that upon illumination
of the apex a stimilus is conducted bagk along the coleoptile.  However, in
our experiment the electrodes were transversely placed, . This indicated
that the stimulus at the two sides of the coleoptile is not the same end
8 wave of asymmetric change has been translocated down.  The dark side
is positive to the light side as tbe stifmulus passes, - Auxin was found by
Rewman (1959), anﬂ ourselves, to_increase the positivity of the tissue to
which it ie appliedo It s sngges.tsd therefore,that our result is _
ezactly that to be expscted, for it has been shown that there is greater
auzin congenitration on the dark side of coleoptiles showing positive photo=
tropiem; and that this gives rise to the subsequent photo-tropic curvature.
The result differs from that of Vilks and Lund (1947), but vithout eny
knowledge of the times involved in their experiments, it is impossiblé to

—C eemtie ce e ae e O LT T 2L - P P - .

meke comparisons, =
.. M1so two individual experiments were cerried out with a light on

coleoptile, the potential beinyg measured with respect to uhe ‘bage,

In one experiment for & period of 2 hours before the light was turned on,

oscillations with a periodicity of 21 - -1 minute and an emylituﬁe of o

gpproximately 12 millivolts had ocourred, 22,5 minutes after the light

was turned on, there was an obvious ¢hange in the oseillations whose
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period and amplitude increased. (Figure 7.4.), Teking the change in
the oscillations 4s the arivel of the stimlus, a reto of transport of
13 millinetres per hour at 20°C is indicated,  Similerly, in the second
eraph (Figure 7.4,C), the oscillations alter about 55 mimtes after the
light vas turned on, th.qusb._.the,éltemti.qn was not_as marked as-the above,
This. elves. s rate of transport of 11 millinetres per hour st 2°C,
The 044 thing in Both these results, o that the fizst change appears_ to
be an increase in pegativity of the ares the vm.i@,_ma#ne- .. Newmen
(1959), g‘;vea,m,.detgile;OS the position of his contacts with respect to
the light, except that only the aper was illuninated; end that they were
point contacts. . Consider the set up where two contacts are placed one
above the bther_op the &ark side of a coleoptile, There will be g ree
distribution by lateral transport of auxin in the apical regions, so that
there will be a greater concentration on the dark aide then on the illuminated,
a#d 8 wave of increased auzin concentration will pass down the dark face of
the coleoptile,  The upper contact will be positive with respect to the
. lower as the wave passes it. o

However, using a.ring contact whiéh averages the potentigl over a -
large area cqmpletely encireling the coleoptile, as there‘has been shown
to be some reduction in the totel auxzin passing down 1lluminated coleoptiles
when the 1llumination is of intensities giving the seeond positive‘
curvatures, one_would'expect a primary inerease in Hegativity as the‘curvé

passes,
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: In conclusion, these results indicate that oscillations in electric
potentials measured between various parts of coleoptiles, may bé influenced
by the transport of something (probably auxin) from sbove, and that ligat
br:mgs about alterations in the trangported stimulus.

The next step was to investigate the effects of light on coleoptile
tissue sufficiently far below the apex, 0 that a reasonable length of
time should elapse before the potentisl was influenced by the conducted
stimulus,

Flowing drop ring contacts were placed 6 to 10 millimetres below
the apices of coleoptiles and the potential was measﬁred with respect to
the base. Vérti@ illumination was used, being of two intensities,
either 4,000 metre<candles or 250 metre-candles, The results obtained

ave shown in Figure 7.5¢ 1 to 4.
| They indicate that the stimulus of light leads to an immediste
alteration in pre-cxisting potential osc¢illations or to an initiation of
new oscillations in the potentials measured. The deérge of change
veries from plant to plent end from the few results available, it is
impossible t6 draw conclusions with regard to the differences between
4,000 and 250 metre-candles of illumination, -From a cursory ezamination
of the "Light on" responses, one might infer the arrival of a stimulus
ebout 30 minutes after the light was turned on, as there is then a
pronounced negative trough. However, this represents the "D" trough
of our original "light on" experiment and must therefore be a direct

effect of light on the tissue. Also, with the "light off" responss,
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the peak that occurs in all results after 30 minutes and the trough at
45 'mirmfes, correspond ‘with the "D" peak and "E" trough of the apical
responses’ ~ However, with both the "on" and "off" responses, apart from

the correlations mentioned, it is difficult to correlate other details of

‘the responses with those of the apical regions. (The original. typical

apical responses-are shown in Figure 7.2.)s Also, from the éraphs.
iir is not possible to pick out any obvious changes brought about by
conduction from ehoves '

It has been shown that commencement and cessation of illumination
have direct effects on the coleoptile tissue at least to a distance of
10 tﬂiliimetres below the apex. It has been possible to separate the
direct effects from any conducted stimilus and there are similarities

and differences between these more basal responses and the responses in

the apical regions.

The eorrelation between the apical response and the response in

this region occurred only after a period of 30 minutes after the light

'was turned on. If the changes in potential at the épex are responsible

for a redistribution of auxin, it will be changes within & very short

period after the light was turmed on that are involved. Therefore a
~ new experiment was devised .to further investigate the potential changes

in the apical regionss
For the experiment the light flowing dvop contact described in
Chapter 5 and illustrated in Figure 5.2, was used. This contact was

placed about 1 millimetre below the apex of the coleoptile and the |
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potential measured with respect to the base, The {llumination at the
contact position was intense but fell off towards the apez. Using this
" method, it was reasoned that the tissue response should be large and yeot
even. though close to the apex, the conducted response small in comparison,
The light at this position still gave strong positive curvatures.

A series of seven results were obtained and were anglysed as before,

taking the time and the P.D. when the light vas turned on as zero.

~ . Figure 7.6, shows the resulting graph. Inmediately the 11ght was
turned -on, there was }5 positivation "A" of the 1lluminated area, reaching
a meximm in 4 mimites. This was followed by a reversal of polerity,

One_ would aué;gest from previous results that the auzin wave should
pass a point 1 millimetré below the apex about 10 minutes after the 1ight
wes turned on, and the change in potential should reach a maxinum gbout 30
minutes later. It‘should consist of a wave of negativity as the suxin
concentration will be reduced on the illuminated face which is the "High®
contact in this esperiment,

The, "B", "C", "D" trough of the mean graph must have been influenced
by the auxin wave, but this cannot be the result of the wave for it
commenced at 3.75 minutes, far too early for suxin change at the contact
level. (This would have required a rate of transport of 16 millimetres
per hour for the augin), .. . = . ' |

It 45 perhaps ot surprising that 1t is difficult to detstt the
suzin Wave potential change, for changes _sl,n.the-lo;lgiméinal potential
are bound to be smaller than the transvefse rotentisl, for the latter
consists of changes on the two sides of the eoleoptile in opposite

directions giving a greater response,
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result fron & flowing drop ring contact on the apex (Figure 7.2.A) it 15
" seen that they both agree on the "A“ peak but the "B" and’ "D" trou@s
and "Co peake clesrly distinguishable in the aptcal rosult, are mt
!readily discemed in thig one. v _

In g 1ater experiment, using a very :‘mtense light. t;ith a contact
poeltioned one millimetre below the epex, it was shown that in faot the
results at the apexz and at this position were tho same (Figure 7.7 )
With the apical result. oscillations subsequent to "C" wore difficult to
detect, though they are such an obv:ious feature of the result with the
contact 1 millimetre below. The point about whioh the potential is
oeoillating appears to become more negative with respect to the base.

| 'i'hie experiment has shown that the responeea of the coleoptile
tiseue to light, are eimilar in the agpical regions and regions just below
the apexs It has e.leo confirmed that light may mduce oscillations in
ttze n{éaaured potential differences; there are also indications that the
mean potential of the lighted side becomes more negative with respect to
| the base. This would agree with the dark side becoming pOS..tive with
respect to the illuminated gide,

Therefore the next experiment involved the measurement of transverse
potentials deVeloped under the influsnce of unilateral light. A pair of
contaete were pomtioned on opposite sides of the coleoptile about 2
millmetres below the apex, one contact being the "light" type. The
| potential between the two electrodes was measured, the light contact

being "High"s
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would have been a considerable shorting out of any_:xixggb_rane potentials,

- M1s0,. a3 the’ changes were reported by Backus and Schrank (1952), to be

. similar on both front and back faces of" the coleopj:iie, the fransverae
potentials being due to their differing magnitudes, we could only expect
to measure éman trangverse potentisls, ’

The graph in Fignre 7.8 shows the changes, plotted by the same
method as before, upon turning on the lisht, 4 out of 5 of the results
~show that fimediately after the light was turned on, the lighted side
becamellhegative with respect to the dark. This negativity reached a
maximn at about 20 minutes, Also 4 out of 5 results show a gradual
decrease of this negativity (2 show an actual reversal of potential) to

. & pegk at about 30 minutes, This is followed by a further increase in
negativity. 3;1_.1 results show the final negativity. _ .
If this result is compared with that of the "light" contact when
v~ the potential was measured with respect to the base (Figure 7.6.) we find
that the original negativity of the former corregponds with the "B.C.D,"
trough o’f the latter, and the positive pesk with peak "E® of the latter.
Since however, the transverse potential of the majority of the coleoptiles
remains negative throughout, it must mean that the changes o‘ccurring at
the two faces with respect to the base are similar, but the changes at
the lighted face aﬁ'e greater. The calculated P.D. of the dark side with
réspect to the base is shoun in Figire 7.9.
It has beén shown in a previous experiment that the greatest

difference in suxin concentration as judged by the changes in potential,
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gecurs at a tivs of %' wirutes affer willeters) 1ilumination, 3 willinctres
bezow the apexs  Thersfove, 2 millimstres below the apex vith 2 rate. of
transport of 12 millizstres per hour, this would occur at 45 mirutee,
This 1s close to the time when the potentisl difference betwsen the two
sldes bocowes really marked. It in suggested therafore, that the devalopw
mont of *\Eizia' farksd transverse potentisl 46 dus to differences in auxin
concentration (4t 10, as erpected, 1ichted side regative with pespect to
the shaded aldo).

Sehwank?s graph: (1951) with contacts transversely placed 0,5 afili-
mstren below the apex, sbould show the auxin effect resching the meximm
at about I7 mlimtes. This is adout the time when hic marked P.D. develops.
e pams conclusion also applies to similar graphs pudblished by Dackus snd
Schrane (1952).

Vo must thevefore lock to ae P.D.'s that dewelop in the first 20
to 30 minutes of 1llumination if we are to explain suxin redistritution
~ os a fucctlion of tho potentials, These potentials ore only amall, and in
Schyonit's results (1951), are of the wrong polarity. In our sxperiment
the polarity is corveot, tut the megnitude is smalle

Sohrelt (19%1) claims that ths potential we asciide chove to the
auzin eenczmtr'atiéu gradient; is that rcamibze for the auxin redistri~
‘Bution, for it precedes s bending response by epvmxlmtely 15 sloutes.
s bas failed % roalice thet in coleoptilss tne mgfan of cerception and
ve.apona@ differ and in fact from tine laspas photographs we have taken of
coleoptiles bending under unilatexel light, it 4s seen that the first.
‘bending vesponses occur in & region 3 to 5 millinetres below the aped.
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If 1t was the peak of the aurln wave that wes.deteoted by Schrems (1951).
0.5 millimetres below the apex, it st111 has 2.5 millimetres to travel

before any bending will be visible. At a rate of lz:mx/hour! this will
talke 12.5 minutes, which agrees well with hig 15 mimte delay time. .

In our own experiments the guxin wave was just detected after 20

‘ minutes of mmnation 3 millimetres below the apexs Itonlyreached a .'
maximn afjte:: 50 mimtes and since bexding responses aredetected after 40
mimtes of illunination, this again agrees ith the suggestion that the
potentialchangea ‘ave a result of, rather than the cause of the changes

1

in aux:ln eoncentratidn. )

)

there were differences in the magnitude of responses. on the two sides of

the coleoptile. _The obvious explanation is that the different intensities
of light on the two sidea of the coleoptile give responses of different

magmtudea-, S R

" In the exper:.ment mentioned ~above, where a 150 watt projection lamp
as[ well o8 the 4,000 metre-candles of light were shong on the coleoptile

at tf:e eontact position, the responee was considerably greater than anything
we ﬂad/ recorded before for a similar contact posd tion, (Figure 7.7.), which

bea:ﬂhe this out._ | . e ‘_ e e e e

o ] There is also the questlon of how potential changes are brought

wofxtbyehe direct offect of Mehts . . e

; , Using an_ apically placed flowing drop ring contact and 4,000 metrew

/candlee of :ulminat:.on. & series of observations with different

7

' concentrations of KGl as the apical contaot medium were made.
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L e

Figure 7.10 ghovs the results. They indicate that with decrease in
contact niedim’ogncgntraticn thefg is an increase in the response,

. It is suggested that the best ,int’erpretation of the results is that
light brings about changes in the membrane permegbilities to at least
K* and Cl .Since the results with K€l 0.001N:resemble closely in
magni tude thhse vith Shive's solution (k2 0.018n) other ions must have an

influence besides K.

Lonclusiongs _

There 1s & response. by potential changes in coleoptiles both on
turning ON ,apa_i,p‘FF;;;g.htg; with increase in intensity,change there is an
- increase in responses e e e B

| .. Similar effects t&e _pPlace on the illuminated and shaded sides of
the coleoptile, but_those on the former are greater. .

There 45 evidence that upon i1lumination g stmmlus passes down
the c:g}gg)p__t_ile, frgm the apex at a rate of approximstely 10 millinetres:
per hour, and_ 11: is suggeeted that this is due to a change in auxin supply.
It ds suggested that ‘the potential changes due Yo commencement and
cesgation of illumination have brought about by changes in the pormesbility
of membranes to ions.  Thers may be a piement intermediary, but
unfortunately it has not been possible to determne the action gpectrum,
There is_evidence that the light "on" and "off" effecta are mediated
through tho ssme system, .~ - el e
... .We could find no evidence to support the hypothesis that the
| potential changes are bringing ebout a redistribution of auxin and
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contend that the potential to yhich this function has been ascribed is in
fact a ﬁmctlon of the suxin redistribution. et e e

Oscillat:.ons induced by light ere discussed :Ln more detail in Chapter

11,
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SHAPTER 8

GEQ-ELECTRIC RESPONSES OF COLEOPTILE TISSUE AND THEIR RELATIONSHIP T0

=-IROPIC CURVATURES PRONUCED BY REDISTRIBUTION OF AUXIN,

A general description of geo-tropism of coleoptiles and then a
detailed survey of previous work on the development of transverse
electrical potentials across plant tissues; and on changes in the
potential pattern, under the influence of gravity, are given,

Experimehts we bave carried out, which show the development of
a transverse polarity and similar changes in the longitudinal potentials
of the upper and lover surfaces of the horizontal ooleoptile, though
differing in magnitude, are deseribed,

. In the discussion, these results are compared with those of the
Qﬂ}gl_;wp;fkera and it is concluded that, because of the many discrepancies

' between the various results, much mors work is necessary.

.. Coleoptiles show a marked negative g:eo-tropiem and within g
reriod of 20 minutes after turning on their sides upward curvatures sre
visible. ' Below are listed some of the characteristics of the geo-tropic
responees of ccleortiles and some of the ways in which it is genefally
held to differ from the phototropic response. These deteils ure taken
 from Went and Thimann's monograph, Phytohormones (1937), and from Anker's
(1965), contribution to the Encyclopedia of Plant Physiology.
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) (1)  The geo-response is brought about by unequal growth rates,on the
upper and lower aides of the coleoptilee wl,ﬁch are themselvéa due to g
redistribution of auxin, There is no reduction in the total amount of
guxin 1:eaying_‘tb‘e'apelx; . however there is a greater concentration on the
underside of the sheath.

(2) There is a detectable redistribution of auzin within 35 minutes of
-turning the coleoptile to.the horizontal from the vertical,

(3) The suxin redistribﬁtion &y .occur in any region of the coleoptile
but there is a decrease in sensitivity with increase in the distance from
the apezg.' . , . .

(4) In cd],e;optii_eédtumed on their sides for less than 30 mimutes the
curvature starts at the apex and passes down to the base. However with
longer periode of horizontal exposure the coleopt:lle bends eimxltaneously
through a1l but the most basal zones, _ ,

(5) . There is no geo~growth reaction comparable with the 1ight=growth
reaction,

i



8,3

The geo-electric effect wasfznst discovered by Bose (1907) when he
found that the underside of the peduncle of the 1ily uriclis became
positive to the upper side within one mizmte after turning to a horizontal
position. o ‘ N N _

' Brauner (1926 27,28), reported that the stems of Bean, Sunflower,
Tradeacantia, Tulip and Narcissus all became electropositive on the
undérside with respect to the upper on turning to the horizontsl,

He claimed tzhat stmna boiled for mo minutes gave similar responses and
also electolyte solutions separated by parchment membranes reproduced the
effect, . He concluded that the effects were non vital - phenomena and had a
physical basis in staaming potentials,

Brau.ner & Amlong (1933), improved the technique e.nd confirmed the
results. Brauner (1942) extended the research on artificial membranes
and still considered the effects in plants to be non-vital. “In 1959
however, he showed that the effects observed in plants were due to a
different mechanism than that previously suggested.

. Cholodny (1926,27), was the first to suggest that the transverse
movement of auxin in geo-trd‘pism was ﬁroduced 5y the eleo_‘tﬂcal potential
gradient which vas iteslf established by the action of gravity.

Wilks and Lund (1947), detected a geo-clectric potentisl in Avena
doleopliles with the underside positive to the upper, Also Schramk
(1947 & 1951), exteaded this work on the Oat coleoptile showing that the
potential developed within one minute of turning the plant to the
‘horizontale He also showed ‘that a transverse potential developed along
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the full length of the coleoptile but was smaller in th9 basal than in the
épical_ reglons, ' The maximum value of the transverse pofential found was
15 millivolts, He fo@d that similar changes in 1.:he longitudinal potential
of the upper and loyer sides were taking place after displacement to the
hoﬁmntél"positioﬁ. ... These were greater in magnitude on the lower side than

.on the apper wiﬂéh gavé rise to the transverse geo-electric potential,
Hert:z and Grahm (1958), published an account of axperiments demonstrating

. i . the development of geowelectric PuDy's across ion exchange membranes.

With & 107 2 | ¥ KC1 solution sbove and below the membrane, & P.D, of 20 milli-
voltswith the lower side positive to the upper, was developed, when
vparticles of solid CaCOB. sparingly soluble but capable of exchanging Ca
ions w:lth the mmbrane, settled onto the upper membrane marfe.ce.

In plants 1t has frequently been demonstrated that freely falling
starch grains are charactenstically present in some of the cells of the
geo-perceptive regions of responding orgens. (Audus 1962).  Starch
grains and. not insoluble inorganic salts therefore seem to be the
oharacteristic statoliths of plant cells,

.. In..19_69 Hertz measured the geomelectric potential in Agena
coleoptiles using a vibrating condenser system (see Chapter 13) and
coh,cll,lde_d that the geo—potential only developed 15 minutes after the
Plants were turned on t_h_e;zf- sides and had values of -u_p to 60 millivolts,

In 1962 Grahn & Hertg expanded thigwork and claimed that using
gelatine contacts and Zn/Zns0, electrodes, they could only detect the

4
effect after 15 minutes as with the vibrating plate.
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Wartenberg (1957). doubted the existence of geo-potentials and
ascribed the results to the diffusion of ioms from the cuticles of the
plants. » Hhen turned on thelir sides, he suggested, the heavier salt
solution would sattle into the electrode of the lower contact but would
rest on the plant surface at the upper, giving a concentration difference
across the plant surface, leading to the geo-potential " Grahn & Hertz
(1962). suggested that with gelatine contacts this would not occur, and
that this explained why in their experiments, the potential only
developed after 15 minutes. However. with gelatine, even at 15%
concentration, the physical properties with regard to the diffusion of
~ dons are little different from those of water, so fons will stiil di ffuse
from the cuticle, thou@ thepe cannot be the mass movement suggested by
Wartenberg, . . , o | |

Another point agninst Wartenberg's suggestion is that even with
Shive's solution, Shrank (1947), obtained geo-electric potentials,
Shive'é,solution ié relatively concentrateo (3 x Shive's plasmolyses
coleoptiles), so one would have thought that there would be little net
tendency for ions to diff‘use into the contact medium from the cuticle.

. Aleo it is difficult to imagine a salt solution concentration
gradient ‘aoross_tho coleoptile of sufficient magnitude to give the
measured values, = . _ _ . -

Jantsch (1959), is reported as having confirmed geomelectric
potentisls in Iris japonica and to heve found a latent perfod betwean
exposure and response by change in poten#ial, of 8 hours, The
potentiais‘ he mem were in the reglon of 60 miiiivolts_.
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If the reported results of Grahm & Hertz (1962), are correct and
thére 1s a latent period of 15 minutes; since it has been shown that suxin
redistribution hss commenced within this pericd of time; it is obviously
impoesible for the potential change to be a cause of the redistribution,
The experiments :rei:orted now using conventional electrodes and liquid |
contacts were designed to0 investigate the time course of any development
of geo=electric potentials rather than to ascer‘tain thelr cause,

‘These experiments were designed to enable the Iongltudmal potentials
- 'df the \_xpper and lover_ sides to be measured and to eliminate assymetrical
salt accumulation ,tn'the contact drops. Flowing drop contacts were used
which solved any problems due to the latter po;lnt; they also enabled |
measurement ‘,Qil“ the potentials at room mmidities, The importance of this
lay in the suggestion of Grahm & Herts (1962), thet tho negnitudes of the
potentiale rei:ortéa -'iay Sehrank (1947), were lower than th'eir own because
of the. short:mg out of the potentials by a surface film of water present
at the high humidities used by Schra.mk.~ .Bowever, having raised this point,
they later used a_lqv,ﬁzrelative hunidity to prevent their gelatine contacts
drying out, and still they reported values 3 times greater than thoss of
Schraris  As mentioned in Chapter 3, the major contributing transverse
potentisls in .the_ apical region are probadly those of the Water and Donnan
free spaces of the cellulose walls. However, with traz;sverslj placed
contacts and identical contact media thesg_ potentials will be gero.
F};ﬁthemore. one cannot envisage any changes :Ln them as a result of gravity

potentials. As these are contributing little to the measured potential
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they may be sald to be shorted out, but this applies with gelatine contact -
deoe o
' The apparatus constructed is shown in Plate 8,1, The construction
was_.'of an exfr@nély rigid form so that upon turning from the horizonfal
to the v'ertiqal‘thezje was no movement of the contacts relative to each
other, As stated éb_@v‘ga-. flowing drop contacts were used.

. Schrank (1947) seid that vhen his apparatus vas turned 1t had been
necessary to remske contact due to a sagging of the coleoptiles.
However in cur experiments the base of the coleoptile, the grain and the
roots were wrapped in moist cotton wool and firmly inserted into a tube
containing Shive's solution and this'allowed little sag. Also, with
flowing drop. contacts, it was possiblé_to_ poaitiqn'what was to be the
lower contact, relatively far off the coleoptile, and still maintain
contact. This allowed for any sag when turning the coleoptile on its
sidé. and by {:pis means uninterrupted observations were possible,

.+ ~A11 measurements were made in red light at 20°C with Shive's

solution, as contact and growth medium,

. The first experiments were to determine the electrode effects
if any. The electrodes were brought into closs proximity so there was
a fusion of their individusl drops, with no material between., When
they were now turned from the horigzontal to the vertical, a potentisl
of 0,9 millivolts developed in one case between them, the upper contact
positive to the lover, and in enother experiment 0,6 millivolts, the
lower contact positive, = It ig difficult o say where the potential vas

developing, 1t was unlikely to be at 'the_ contact tips vhere mixing of
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' the two contact medie appeared complete and it is probsbly s junction of the
¢lectrodess  The maximum potential developed after 15 minutes but as its
value was small and of unpredictable polarity, no further eiperiments were
deemed necessary upon the effect.

For the tra,nsverse grav:.ty experiment the contacts were positioned
2 millimetres below the coleoptile apex and the potent:.al left to stabilise.
The mn,e,gppmm was then turned through 90 degrees (Plate 8-.23) and
readings continued till contact was broken by a positive bend or for other
reasons. 12 experiments were performed but 3 showed no tropism (and o
transverse potentﬂ_.gls) and. are not included. . Another expe:iment' showed
extzfemely‘lgrge,oscivllat;ons in potential before and after turning on its
side and would have had en undue influence _Qn. the mean and yet another had
only been on its side 15 mimutes when contact was broken, Both these have
beer gxcluded. The remsining 7 have beex enalysed by talcing the time and
the potential when the coleoptiles were turned to the horizontsl as zero
az;dgveggag.}pg_ the potentials read off. from the continuous recorder graphs
at frequént intervals, ‘

The results are shown in Figure 8.1 in the lower graph.

. For the 30 minmutes before tum%ng on their sides, the transverse
pontential of the coleoptiles is__mlativgly_glose to 2670, Within 3
winutes of turning on their sides the ‘potenti:al, of the upper side is
negative to the..lqwefq . This ectuslly occurs.in 5 graphs end is only
1 result was there no deyelopment of this negative potential within the

45 minute period.
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In al) the 5 experiments the megative potential develops within
| 3475 minuteé but in every case, later on, there is en acceleration of the
developuent of the negative potential which then becomes more markced.
This occurs af_‘terl - |

| approximately 15 mimxte_s‘ in 2 results,

appro;imateiy 22 minutes in 2 results, and

- epproxinately 30 mimtes in 1 Tesult,

Thé mean graph shovs the marked acceleration at 20,5 mimites.
| | ~ Comment on these results is reserved until after consideration of
changes in the long.ltudinal potential. .

A contact was placed 2 millimetres below the apex on what would
subsequently t;@ the underside and the potential of the base was measured
with respect to it. 2119 apparatus is shown :ln Plate 8,3, ‘

8 graphs were obtained but % were discarded for (a)__showing large
changes Q.n_éqtential before and after turning on, thé side, indicative of
e pom' contact; (b) showing no bending response, and (c) broken contact
soon after tum:lng to horizental,

The l‘em,aining_S,grapha were analysed as above and the results are
shown in Hg\&e 8.1. upper graph. ('Ehe potential change of the base with
respect to the .upper contact. has been calculated fmm the transverse,
and the longitudinal potential of the lower contact).

..The true negative potential does not begin to de_vélop in any of
the reaults: t311 affer‘" 3.75 mimutes and in all of them has developed by
11;25‘miputes. The mean graph indicates the negative potential beginning
td'develop ’aftef_B.'ZS_minutes. The slight positive P.D, prior to this

is due to ome result only,
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- In 4 out of 5 results there is aen increase in the negative
‘potential from its commencement to a maximum in about 45 mirutes and
all of these agree on a more rapid increase 4in the potential between
20=-30 nn.nutes -after turning on their sides. The other result -shows
a peak negativity at 20 minutes and then a decrease till racop}iag
stopped at 35 mimites, o

Returning to the upper longitudinal potential, we £ind that i
has s sinilar forn to that of the lower but differs in magnituds
especially after 20 minutes,

Yhen we compare these results with previous workers we find that
* they are unique, agreeing with some in some details, and others in
others, but not showing complete agreement with any other published work.
(1) Our results show a latent period before thé development of any
potential of approximately 3 minutes but there is a marked develupment
of the _t‘ra‘nsverse potential only 20 to 30 minutes affer twrning to the
hordzontal, L

Schragk (1947), cleimed the potential developed within one mimute
and his results show a graduél increase up to a maximum at 25 to 30
ngnutes, o o
Gramm & Hégtq (1962) found np_chgngg_until_\ls_mjnﬁtes after the
positionsl chenge and & maximm 30-45 mimites later,
(2) The results of the upper and lower longitudinal potentials are
similar differing only in magnitude. They indicate that the potential
gradually increases frmﬁ its commencement at 3 minutes to its pesk at
45 minutes after the positional change. _ However the change accelerates
| ‘at 20 to 30 minutes which is the time when the marked transverse
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potential is d_eﬁloj;ing. Both the upper and lowef sides show a change
t0 a more positive potential with respect to the basal contact but the
lower shows the greater positivity throughout so the lower side becomes
positive witﬁ réspect to the upper,

We therefore agree with Schrank that the changes were similar on
the upper and lover sides, but disagree on the form of the change,

fﬂfle lover side positive with respect to the upper agrees with all
‘workers; but the magnitude (5 millivolts) is smaller than t_hét recorded
by Schrank (1947), (10 millivolts) ang Grahm & Herts (1962), (60 millivolts).

It 4o suggested that the marked potential developing after 20 to 30

minutes and attaining & maximm in about 45 minutes in the horizontal
position, corresponds with the potential measured by Grahm & Hertz (1962).

Considering the potentials found in this work during the initial 20
mimutes after displacement, From an examination of the transverse
potential alone, cne might be led to believe it vwas an electrode effeot;
for 1t has a valus of less than 1 mi114volt and reaches & peak in about
15 minutes, ° However, examination of the longitudinal reaults mdicates
that %his cannot be the explanation, for the magnitude is then 3 to 4
millivolts and similar in both the upper and lower contacts. The .
explanation of Wartenberg (1957), cannot hodd ,for flowing drop contacts
were uée,d ,a‘m.i also Sh_ivte" 8 éolution was the contact medivm,

The method of Grahm & Hertz ,,(196.2)_.a1ff§;-¢ in two respects from
that employed by Schrank (1947), and ourselves:~

| (a) they use gelatine contacts not liquid drop contacts.
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(b) Schrank and oursglyes have both used Shive's solution as
contact medium,  Gralm & Hertz do not record the composition of their
gélati’ne _contactss In earlier é;rperiments, they used KC1 solution
as contact media, but they do not state if KCI was 1ncorporated in the
gelatine contacts,

o _There are no obvious reasons why these differénces should give
rise to the different results, i,e. the earlier deveiopment of the "
: potential in our own and the far greater magn:l.tude in Grahm & Hortz's.

This research is incomplete but it mdicates that & far more
détailed study involving several types of contact, contact medis and
electrodes, as well as furtl:er ezpe“immtatmn with vibrating condensers,
will be necessa.ry, before any real advancee can be made.

It had been hoped to try the geo=effect with other contact media
- and at ve.n_ous concentrations, but so many experiments failed, more than
in any other serdes of experiments, This was because often contact
broke on turning the apparatus through the necéssary 90°‘and‘ this means
that not only is that experiment lost, but also the time waiting for the
preparation to stabilise, It was felt, with the objects of the research
in mind, that it was best to spend the available time on other projects,

| In conclusion, it may be said that though geo-electric potentials
exist; there are no obvious explanations at present for the discrepancies
between the times of development, msgnitudes and form of the potential
changes, reported by different workers, There is agreement on only one
point, the underside becomes positive with réspéc;t to the upper, This
positivity is nof a function of auxin redistribution for the potential



8. 013

changes are sinilar top and bottom, wheress, if auxin vere imvolved,
_u;ﬁgé there is an increase in auxin on the lower side and a decrease

on the upper, one md have expected the P.D, changes on the two

s‘ide,s‘ to be opposite, What brings about the P.D, changes is mot

known, though froﬁ our work on the influence on their geo and photo=
tropiem of filling the coleoptile with mineral salt solution (Chapter 9),
it has been suggested that changes in membrane pemeabﬂities are .
involved in bringing about the geo-response, If this were the case, .
then, since our measured PeD.'s depend purtially on the membrane
permeabilities, we would expect these also to change.
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CHAPTER 9

THE EFFECTS UFON THE GEO AND PHOTO RESPONSES OF OAT COLECFTILES
OF FILLING THE HOLLOW COLEQPTILE WITH MINERAL SALT SOLUTIONS.

SUMMARY

4 detailed survey of the literature upon the effects of
f£illing coleoptile cylinders with various solutions is given and
then experiments we have carried out are deseribed. From the
experiments it is concluded that the decrease in phototropic
curvature in coleoptiles filled with Shive's solution is due to
changes in the optical situation but there is also a reduction
in geotropic curvature. This is ascribed to an interference of
the medium filling the hollow of the coleoptile with the

permeebllities of the cell membranes.
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In 1934 Du Buy reported that if a hollow coleoptile cylinder
was filled with water, the curvature resulting from unilateral
illumination was reduced and he claimed the light gradient across
the coleoptile was also reduced. He used decapitated coleoptiles,
withdrawing the primary leaf, and then filling the cylinder with
the liquid. | |

Sierp and Seybold (1926), reported that the apex of the
coleoptile was many thousands of times more sensitive to light than
a few millimetres below the apex, yet filling the coleoptile cylinder
with a liquid will not alter the optics at the apex, so it is
interesting to note that Du Buy reported the effects on decapitated
coleoptiles where changes in the light gradient may be effective.

Wilks & Lund (1947), claim that apically intact coleoptile
cylinders, cut off above the mesocotyl and filled with Shive's
solution, show zero phototropism and with distilled wéter only a
slight positive curvature. With paraffin they gavé the same response
as vhen left empty. They also report that when a coleoptile cylinder
is filled with tap water or Shive's solution the external longitudinal
electrical potential is reduced almost to zero and they claim that it
is this shorting out effect that is preventing the development of the
tfopic responses. Their conclusions were based on only 5 coleoptileg
. in each group. Schrank (1950), in a more ambitious experiment

corpared both light and'gravity'and claimed the reduction in curvature
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was proportional to the Shive's shorting solution concentration. He
also claimed that the measured shortinsz out of the longitudinal
potentials wes similarly proportional to the concentration of salt
solutions employed. In a second paper (1953), he found that excised
Avena coleoptiles filled with various salt solutions showed a
decreased geotropic responée. The solutions used were KCl, NaCl and
LiCl over a concentration range 0.1 to 0.01 #brmal. These results
are not straightforward for 1iCl had an inhibitory effect lete in
the response whilst NaCl had its effect early 1nlthe responce,
However, he found that as the concentration of each solutiorn was
increased then eo was the inhibition, but there was no correlation
between the degree of inhibition of the different salt solutions and
their relative conductances.

Brauner (1354) criticizes the photo-tropic. experiments on the
grounds that no attention was paid to the optical effects of the
solutions,

Our own criticism rests on the very few coleoptiles involved
and on the experimental technique. Schrank had filled the coleoptile
cylinders by pushing tapered glass tubes on to their bases and forcing
the solution up the middle of tﬁ; coleoptile, air escaping precumably
through the apical pore. Since the liquid was forced in under pressure
it may have caused damage to the apical region of the coleoptile and

this may have led to a reduction in the reéponse. In parficular there
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nay have.been infiltration of the liquid into the apical regionms,
which B:nning (1955), showed reduced the apical absorption of light.

In the experiments reported now, coleoptiles between twenty
and thirty millimetres long were nicked with a razor-blade just above
the mesocctyl, and then sharply bent over, when they became neatly
é;vered. The coleoptile cylinder was then carefully pulled awasy,
leaving the primary leaf attached to'the mesocotyl. A parrow hypodermiec
needle with the end ground flat was then inserted into the hollow until
its end was seen to lie close to, but not touching, the tip. The

plunger was then depressed when the liquid entered the cylirder. The

" needle's outside diameter was narrower than the inside diameter of the

coleoptile cylinder ahd therefore there was no build up of pressure in
the cylinder, Still depressing the plunger, the needle was withdrawn,
leaving the cylinder qompletely filled with solution,

. The bases of the coleoptiles.were now wrapped in moist cotton
wool and individually inserted into small ignition fuhes containing

Shive's solution, which were placed in a rack within a humidity chamber.

It was found necessary to maintain a very high humidity, for in an

experiment when this was not done, the control sheaths, containing air,
showed no responses, for they had wilted, whilst those containing
Shivé's s§1ution showed strong responses, not having wilted, The
Shive's solution up the centre had provided a capillary water supply

to'all cells, whilst the severed vascular bundles presumably could not
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provide an adequate water supply.

After preliminary experiments, a time of 75 zainuf;es was
ellowed for the development of the geo-response. For the photo-
response, when the coleoptiles were exposed to a continuous unilateral
tungstem light of 500 metre-candles intensity, two serics of experi-
ments were carried out with 3 hours and 5 hours exposure respectively.
After these times, the coleoptiles were laid on a glass sheet with
the curvature in the horizontal plane, and placed in a photogranhic
enlarger which gave a three times magnified image on the base board.
The outlines of the coleoptiles were then carefully drawn round to
give a lpermanent record and from these the ‘following measurenents
recorded,

\ X a the angle of bend.

6 B = distance the bend has travelled down the

coleoptile,

The following table gives details of the results.



TABLE 9.1.
Geo~response . : 4 -
' . Statistical .
Alr filled controls Significence Shive's filled experimenta{

Angle of Bend = 25,3°

Standard error = % 6.299o

Difference significant
at 0.1 level

Angle of bend = 19.14°
Stondard error = & 6,89°

Distance bend has trav-

elled down the coleop-

tile = 11.04 mm n
Standard error = » 2,3mm

Difference significant
at 5% level

Distance bend has travelled
down the coleoptile = 9.3mm
Standard crror = * 3,36mm

Fhoto response. 3 hours exposure,

Afr filled confrola

Statistical
Significance

Shive's filled experimental

Angle of bend = 37.5°
Standard error = F 12

Difference not
significant.

Angle of bend = 35,1° o
Standard error = * 8,94

Distance bend has trave-
elled down the coleop-
tile = 11.2 mm. +

Standard error = « 2,3

Difference significant
at 5% level

Distance bend has travelled
down the coleoptile = 12,9m
Standerd error = £ 3,4

Photo response. 5 hours exposure.

Air filled controls

Statistical
Significance

Shive‘s filled experimental

‘Angle of bend = 51° °
Standard error = } 11.8

Difference significant
at 1% level

ingle of bend = 43°
Standard error = ¥ 8,2

Distance bend has trave-
elled down the coleop-
tile = 14%mm

Stendard error = I 2. 1mm

Difference significant
at 104 level

Disfance bend has travelled
down the coleoptile =13.1mm
Standard error = ¥ 1,6mn

.

The statisticel analysis is based on the application of Student's.

ty test for small sumples.

The Geo-response

There is a highly significant differcnce between the degree of

.bending of the Shive's filled and the empty coleoptile cylinders, being

e a e
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greater in the latter, There is also a significant difference in the
extent to which the bend has passed down the coleoptile, the distance
being greater in the empty sheaths. |

This in gonoral agrees with ochrank's observations, (1950). He
found in the empty controls a curvature of 35.4° (compared with our 25.3°)
and with Shive's a curvature of 27° (19.14°), He also noted that
coleoptiles filled with solutions formed their curvatures nearer the
apex, and that the.more concentrated the solution the nearer the apex
the curvature developed.

It is suggested that the hend has travelled further down in the
cont;olé because there has been a reduction in the geo-sensitivity of
those coleoptiies which have been filled with Shive's solution.

They now require longer periods of exposure before showing any
responses. This also means.that at any time, the degree of curvature
of the Shive's filled will probably be amaller-than that of the empty
sheaths, |

Assuming that permeability‘changes of the cell membranes are
involved in the redistribution of auxin, then it is possible that the
solutions intfoduced into the coleoptiles may interfere with these
changes, Shive's solution contains both di-and monovalent ioﬁs and one
would expect ion antagonism to spply; so that the inhibition produced
will be smaller than one might expect from its individuql ion

concentrations. From Schrank's results (1950), with 0,5 x Shive's
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solution in which the K+ concentration alone is 0.009N (total icn concentration
0.020N), there is a bending response of 30° but with 0,01N KC1 (1953),

he had a bending response of 26°, With 2 x Shive's K* concentration

0.038N (total ion concentration 0.116N) fhe bending response is 21° yet

with 0.05N KCl a bending response of approximately 25° is obtained,

however with 0,1N KC1 the bending response is only 190. There is

therefore some evidence for the theory in these results,

Purther evidence is obtained from the result of Schrank's
experiment (1953), of placing the eir filied coleoptile cylinders in
growth media containing the salts)vhich in other experiments he had
used to fill the cylindérs.

- Comparing their bending responses with those of similar cylinders
placed in deionised water, he found that their responses were reduced.
It thercfore appears to be a direct effect of ions on the tissuec rather
than any shorting effect on the bio-electric potentials,

The photo=-response.

After three hours exposure to the unilateral illumination, the
curvature of the empty sheaths is slightly greater though the difference
is not significant, There is, however, a significant difference in the
extent to which the bend has passed down the coleoptile, being greater
in the Shive's filled sheaths.

After five hours, the empty sheaths now shovw a significently
greater curvaturc and the bend has passed further down the coleoptile

than in the Shive'’s filled, This, however, is hardly significant.
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These observationé do not confirm thosé of Schrank who found
differences in the curvature after only 2 hours. The curvature of the
air filled controls was the greater, It is suggested that Schrank's
. method of filling the sheath has caused an infiltration of water into
the apical tissues, whilst in our experiments this is not possible.

This infiltration of water will directly alter the light gradient and
influence the response. In our experiments the apical response has
been normal, and in up to three hours there is little difference
between the two series. (Details of Phototropisms of Avena coleoptiles
are given in Chapter 7).

After 3 hours the light dosage hes been sufficient to give strong
basal curvatures which, as the light gradient is reduced in the sheaths
filled with Shive's sélution, will be smaller in these sheaths. Plate 9.1.
shows the results of laying coleoptile cylinders, air filled or Shive's
f£illed, upon sheets of light sensi£ive photographic bromide paper, and
exposing to parallel light from above. Where the light transmission
has been greater the print will be darker. This clearly shows that the
light transmission through the filled is greater than the empty, resulting
in the darker line down the‘middle of the filled coleoptiles. This
means that filling the cylinders with liquid has reduced the transverse
light gradient and therefore one could expect that it would reduce

light responses dependent upon recepter mechanisms in this region.






‘photo-tropic series after 3 hours for it is only at the 5% level,

Conclusions.

9-.90

There mey of course again be an interference with membrane
permeabilities, but such an interference is more likely to be important
in the later basal response than in the rapid apical, for the region of

apical sensitivity and auxin redistribution is separated from the

coleoptile hollow by many cell‘layers.

There is an important distinction between the geo-and photo-
receptive regions, which has a bearing on this theory. It has been
shown thatAwith p'o) minutes horizontal exposure to gravity, the
coleoptile responds by a simultaneous bend throughout the upper regions,
so the receptor is not localised at the apex., One would therefore
expect with exposure to gravity of longer than 30 minutes any
interference with the membrane permeabilities, of any tissues in the
coleoptile would be important.

Az yet little importance can be attached to the significant

difference between the distance the bend has travelled down in the two

Further experiments would be necessary to show if this is a real

difference,

1. Coleoptile cylinders filled with Shive's solution show a
reduction in the degree of geo~tropic curvature and also in the
distance the bend has travelled from the apex, when compared with the

gdr filled controls.
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It has been suggested that changes in membrane permeabilities
following transverse gravitational stimulation lead to changes in
auxin distribution, and therefore any factor that alters membrane
permeability is liable to modify auxin redistribution and hence the
growth response,.

The experimental introduction of salt solutions into the
cavity of the coleoptile sheath may not only have some shorting out
effects on the electrical potentials, but may also result in a
modification of the cell nembrane permeabilities and therefore
modify the geo~tropic response. |

Furthermore any changes in cell membrane permeability mey
lchange the bioelectric potential gradieﬁts that have been measured and
the recorded results of the influence of salt sslutions within the
coleoptile cavity on the bioelectric potentials may have beén
determined by this fact rather than by a postulated shorting out effect,

2. There was no significant difference in the phototropic
responses of coleoptiles filled with Shive's solution as compared with
air filled controls within a period of 3 hours, but after 5 hours the
air filled showed a significantly greater response. This differs from
Schrank's results and it is suggested that this is due to his
experimental method which may have caused the solutions to infiltrate the
apex and altered the optical situation. The differences after 5 hours
are explained as a basal response vhen the differences in the optical

situation due to the presence of the eolutioh will be of importance.
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CHAPTER 10

EXPERIMENTS UPON THE INFLUENCE ON THE MEASURED ELECTRICAL POTENTIALS,
OF JACKETING THE REGION BETWEEN THE CONTACTS WITH MINERAL SALT
’mmmm

SOLUTIONS AND INVESTIGATIONS OF THE EFFECTS OF SUCH TREATMENTS ON
T
THE UPTAKE OF P° AND Ca'’ BY THE PLANTS.

L

SUMMARY

A detailed survey of provious literature on the influence of
mineral ealt solutions on blo-electrical potentials in whole plants,
is given, Experiments are then desoribed which indicate that the
alteration of the potentials by the solutions, is & function, not
of \the ion conductances, buf, of the ion speciee involved, With CaClz
solt\atien the potential change is ascribed to the setting up of &
Donnan potential, whilst with KCl, to a diffusion potential. It is
suggested that the Ca'* reduces the mesbrane psrmeability to anions
to zoxﬁ,

Experiments investigating the influences of the mineral salt
Jackets on the uptake of P32 and Ca“s are then descrided. Changes |
in uptake that do ococur, are sscribed to changes in transpiration
rate and exosmosis from the _leavea into the jacketing medium, and

Bot to any influence of the salt solutions on the potential,
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Rosene (1935), found that if, when measuring the potential
between two parts of an anion root, part of the regionm between the
contacts was surrounded by water, the mqasured potential was reduced,
but if surrounded by paraffin then there was no effect. She
suggested that the potentials mey be respomsible fors-

1+ Ion transport
2. Absorption of water and solutes
3+ Transpiration

/4.  Growth,

and she concluded "The fact that electric energy is aveilable for the
transport of ions, and the additional fact that the E.M.F, of the root
is modified only when an electrolyte solution comes in contact with the

root, indicates that the available output of electric energy by the

root is related to the conductivity of the solution in which it grows."

Wilks and Lund.(19h7). recorded that when a coleoptile cylinder
was filled with tap water or Shive's solution, the external
longitudinal polarity was reduced to zero. |

Breazeale, HcGeofge and Breazeale (1951), suggested that es
mineral nutrients are absorbed as ions, and ioms carry an eléctrical
charge, then the absorption is an electrical phenomenon, and.appiying'
potentials should influence it. They féund. using a polargraphic
technique and applying the half-wave potential for the cation in which
they were interested, that they could increase the absorption of

cations when the instrument's negative electrode was connected to the
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aerial parts and the positive to the roots. If applied.in the reverse
direction there was no effeét and if voltages other than half-wave
potential were applied, there was no influence at all, Anion absorption
was not influenced. The potentials applied were several colts. They
used both Tomato seedlings and Eucalyptus plants.

 Opritov (1958), found that stimulating doses of IAA and NAA
applied to Tomato plants increased the uptake of P32 and also increesed
the electrical potential differences; He also found that the same

_ L .
4 uptake from Naﬂcaj containing solutions., Using Wheat

applied to C'
seedlings, he altered the P.D.s by applying cadmium chloride solution
(5 x 1Of6N), vhich has the effect of making the region to which it is
applied more positive, and fournd that increased apical negativity
increased the uptake of P2 from KHanaoh solutions, and vice versa.
He also used shunts of deionised tap water, and 0,01N NaCl solutions
by laying wicks sosked in the appropriate solution along the side of
the plant, and found greatest uptake when the shunting was least,

that is, with delonised water.

Gorlanov (1960), showed that shunting Onion roots by immersing
in dilute salt solutions reduced the tramsport of P>- labelled
phosphate from the leaves, to which it was applied, to the roots. Thé
reduction was greater, the greater the conductivity of the shunting
medium., He also measured the electrical potential differences and

claimed that these varied in a similar manner to the above. He used
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distilled water, tap water and 0.013 sodium chloride as shunting
solutions, .

~ Anderson, W1ttwer and Buckovac (1961), using Phaseolua
Vhlgaria, found that by applying 240 volts across the primary leavea.
the current being applied by copper leads inserted into a moistened
charcoal paste on the leaf, they could influence the transport of
CahB,app;ied as CaCl2 solution between the leaf bases., They found
Cahs showed a preferential transport to the anode and suggested that
it must be attached to an anionic carrier. In many cases the tissues
showad damage.

The preceding reference section is believed to be complete with
regard to papers showing the link befween ion absorption and tramsport,
and the experimental alteration of Bigelecttic potentials in whole
plant tissues,

From Chapter 3, discussing the origin of the potentials, it is
obvious that if a pathway of lower electrical resistance is provided
between the contacts, then the contributions of the other pathways
will auéomatically be reduced, When one puts a liquid shunt round
the tissue, one is providing such a pathway. One would expect there-
fbre that the alteration in potential to be inversely proportional to
the ehunt reslstance or directly proportional to the shunting liquid

conductence. There are however further complicating factors,
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The current pathway before the shunt was inserted would be
through the cells of the tissue and the potential measured largely
a membrane potehtiél. When the shunt is inserted the current

pathway wwill now be through the cells lying outside the shunted

‘region, and in the shunted region, through the shunt, to an extent

depending on the shunt resistance. Now membrane potentials will be

set wp where the pathway passes out of the cells into the shunt.
There will also exist at these points temporary Donnan and
diffusion potentials between the solution and the "Donnen and water

- free space' of the cell walls, and perhaps permanent Donnan potentials

with the cytoplasms All these will depend upon the mature and

concentration of the ions in the shunt, and since these will be
included in the measured potentials, the effect of the shunt on the

potentials will not be dependent solely on its conductance, but also

on its ionic composition and concentration.

The first experiments were designed-to test the above
conclusions. Oat seedlings weré used as the experimental material.,
Dark-grown coleoptiles, which had reached a height of 25 to 30
millimetres were inserted through a hole drilled in the screw cap of
a pplythene 20z bottle and were sealed in place with vasaline. They
were then left to grow in vhite tungsten light of approximately 4000

metre-candles intensity at 20°C, till the primary leaf was about

eleven centimetres long., They were then ready for use,
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The screw cap was screwed onto an inverted polythene bottle

. 80 that the primary leaf protruded through a hole in the bottle base.

(Figure 10.1). A glass tube welded into the side of the bottle near
to the cap allowed the shunting medium to enter and leave, Shive's
solution was used as contact and growth medium throughout and one
electrode contact was placed in the growth medium, and the other, a
flowing drop ring contact, placed on the primary leaf. The apical
contact wes always the high and the potential measured with respect
to the base.

LOOO metre-candles of vertical illumination by white tungsten
light was used and the polythene shunting bottle was painted dblack,
inside and out, to ensure that changes in {llumination intensity
brought about by absorption of light by the shunting medium were
negligivle. The appsratus is shown in Plate 10,1.

After setting up, the potential was allowed to stabilise and
then the shorting medium was run into the bottle, The potential was
allowed to stabilise again and then the shorting medium was either:
replaced immediately with another, or the bottle left empty.

The stable potential before any shunt was applied was taken as
zero, (on the primary leaf it generally was close to zero) and the
stable potential when the shunt was applied was notgd as positive or
pegative with respect to this zero. Uhen one solution was immediately

replaced by another, the same zero was still used. There 1s
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Justification for this procedure. In one experiment when a new zero
was attained with no shunt, between each shunt application of different
concentrations of potassium.chloride solution, in a fun of 7 hours,

the zero changed at no time more than® 1.5 millivoltse. In another
experiment in which during a period of six hours four different -
concentrations of potassium chloride solution uﬁre successively .
applied, when finslly emptied the gero had shifted by only 2 millivolts.

These, in themselves, are important results for they imply that
there is no permanent effect on the measured potentials. This suggests
there is little interchange of ions between the plant tissue and the
shunting medium.

Teble 10.1 shows the results of the first few experiments.
Analyeis of Results. .

There appears to be little predictable effect with either
Shive's solution or deionised water. KHéPOu solution seems to make
the potential more negative, but there is no consistent effect of
change in concentration.

Dilute solutions of KCl moke the potential more negative than

the more concentrated.
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Calcium chloride solution has a far larger effect on the
potential than potassium chloride and in all concentrations tried
(except‘fbr one result) makes the potential more positive. With
incfease in concéntrapibn the positivity increases,

The nemt experiment compared the effects of different salt
solutions but all at the same concentration with respect to the
snion.

TABLE 10.2.

Solution

PoDoCh%Q

O.1N KC1

0.1N H3012

0«1N CaCl

f5 nv
+18 mv
+12 mv

2

It seemed’possiblé. from these results that there was a Valency

influence so another experiment was tried.

TABLE 10.3.
" Solution | P.D. change | Valency
O.1N KC1 +10 nv Univalent/Univalent
0.1N HaCl +6 ov " "
0.1N Ca.Cl2 +15 mv Divalent/Univalent
0.1N Ba012 +13 mv " "
0.1N FeCl3 «25 mv Trivelent/Univalent

This clearly confirmed the Valency influence with the uni and

divalent salts,_hut the strong negativation with FeCl3 was unexpected
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and further experiments were carried out with this salt.

TABLE 10.4.
Cmcd?&% P,D, Change
T 0.1N -12 ov

0. 1N .9 my
0.,01N -1 mv
0'.001N +1 nv
0.1N -13 mv

These results confirmed the FeCl3 effect and showed that with

increase in concentration there was an increase in negativity. This
is the opﬁosite of the effect with KCl and CaCla.

The shunting effects of O.1N FeCl, and 0.1N FeCl,
(=2 C17 concentration) and 0.1N FeSO, and 0.1N Fe, (50,),

(s 804'“ concentration) were now compared, Although some oxidation

of the Fe** to Fe*** will take place, within the 30 minute experimental

reriod there will have been no great change. Even if oxldation does
occur the chloride and sulphate ions will still be at equivalent

concentrations and the ferric iouns not,

TABLE 10,5
Solution | P.D.Chenge
0.1N Fec13 -l my
01N FeCl, -3 mv
01N FeSO,, ' +5 mv
0.1N Fea(s°4)3 +5 mv
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These results are taken to indicate that the Fe+* or Fef’+ are not

" alone responsible for the changes but that the Cl~ and soa" are

also involved. The Cl~ ion makes the potemtial more negative, the

-sou" ion more positive than the unshunted potential. Whether there

is an independent effect of Fe'' and Fe''' is not shown, but if there

is it must be identical for the two ions,

In the next seriea of experiments, more results on the

differing effects of similer concentrations of different ions were

obtained,
TABLE 10,6.
Solution P,D. change
0.1N KC1 12  +16)
0.N NeCl -6 +20) Univalent/Univalent
0.1N M5012 +5 +21) A
0.1N CsCl 415  425) | Divalent/Univalent
0.1K Ca(N0.) s =)
‘ 22 :
0.1N Fe013 -12 0 Trivalent/Univalent
0.1N Ca.CI2 +11 - Divalent/Univa;ent

The results so far indicate:-

1« It is possible to alter the measured electrical potentials

between the primery leaf and bases of Oat seedlings by jacketing part

of the region between the contacts with an electrolyte solution.

2. There may be en increase or decrease in the normal potential

depending on the nature and concentration of ions in the shunting

medium,
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3. Taking a standard concentration of O.1N, it is possible to
sgy that calcium, magnesium, sodium, and potassium chloride solutions
all moke the potential more positive, but that the effects of calcium
and magnesium are similar but greater than those of potassium and
sodium which are themselves similar, .

We may now consider whether there is any relationship between
the specific conductances of the solutions and their shunting effects.

At O.1N concentration the specific conductances are in the
order KC12> NaCl>CaCl,>> HgCl, so this shows that there is no
relationship'bétéeen the magnitudes of the potential change and the
relative specific conductances of the ehunting media. |

Figure 10,2. skows a grapl plotting the potentisl change
producgd by shunting with KCl and CaCl2 sgainst the log., of the
 shunting medium concentration. The potenfial changes plotted are
the means of all the results available for the respective salts at
these concentrations. = Also plotted on the ssme graph are their
Equivalent conductances and Activity coeffioienta at these concentrations.

There is some agreement between the P.D. change and equivalent
conductance gfapha but the agreement between the P.D. change and
Activity coefficient is even more close.

It should in all fairnmess be pointed out that for diluteA

solutions the equivalent conductance and activity coefficient graphs

usually approximate in form though this is not necessarily so.

| ,
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One important point, however, is that the activity coefficients
of the mono-valent salts (K and NaCl) are very alike and considerably
different from those of the divalent (Mg, Ba end CaCl,)). This is the
éame as the effect on the potentisl, so it does appear that our
attention should be focussed on the activity coefficients.

"The activity coefficient is defined as the ratio of the
physically active, thatk apparent concentration, to the actual
concentration. In dilute solutions it approaches unity. It may be
regarded as a measure of the extent to which an ion or molecule departs
from ideal behaviowr.

Iet us consider a single membrane separating two solutions. |
The P.D., across this membrane will be proportional to the log of the

 ctivity ratios.

Let the outside be infinitely dilute (Activity Aco ), and the
inside solution at a concentration 01, Activity AC/.

A oo
e Pbhco = k log e

Consider a change to an external comsentration . Activity
ACZ, the internal concentration remaining the samse.
, A.C2
o o Now PDcZ = k log A;7
PDC%- P Doo
A OO 1

= k(l Aca 1 _'7‘)
(°3:x:7"' %8 A/ )

2 |
. kg 2 <

¢« o PD Change

#

o
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2
ac” |
AB oo is the getivity coefficient at concentration Ca.

But
«°s  PD change is directly proportional to the log., of the

Activity coefficient. | _

Figure 10.3.A. shows the result of plotting our P.D. change
results against the log of the Activity coefficient for KC1(2) and
CaCla(1). It ié seen that they both give re;sonable straight line
graphs, |

Diffuéion, Domnen and membrane potentials will all give
graphs of this form, for all depend on a log concentration ratio.
An odd feature of the results is that the effect is the opposite expected
for it is at the higher concentrations, when the actual activity is lower
than expected from the theoretical concentration, that we get the largest
potential changes. This will be discussed later,

There are certain features of the results which give clues to
the actual systefns involved. Imedia.telyA after cha‘.nging or applying
the shunt there were rapild changes in potemtial, but only in a very
few cases was the potential then established maintained at this value.

A case in point is shown in Figure 10,4.A, ' The more usual effect
was a rapid change in potential followed by slower changes of which
the most frequent form is shown in FiSure 10.4,8 and C. large changes
occur on emptying but are of no characteristic form. We would expect

the rapid changes on filling and emptying, as we are causing immediate
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alteratioﬁs in the potential contributions of the other pathways and
if this were the only effect, the changes should be pxopoftional to
the specific conductances of the solut;ons. . |

It seemed_poseible that the P,D, changes immediately on
applying the shunt would be proportional to the spegific'cénductances
of thg sqlution. It was however impossible to obtain sufficient
resultg from the present data, where the usual experiment was to
change from one salt solution to another, rather than emptying
between each chenge.

Our results cghow that the final P,D. change is not dependént
upon the specific conductance, and as the shunt is so large compared
with the tissuee, it is reasonable to ﬁssume that in all concentrations
employed, its resistarce has been so much lower than that of the
tissues and therefore its actuél shorting out effect relatively
constant."We must therefore consider the other ways in which it can
influence the potentials.

From previous observations it seems likeiy that transverse
diffusion potentiels between the shunt and the tiasue will be transient,
lasting only a few seconds, and cannot explain the results, '
Longitudinal diffusion potentials could last longer but the effect will
be similar at the two ends of the shunt and wiil cancel out, If the
chenges are due to membrane potentials then the permeabilities to

Na* and K must be the same yet differ from Ba++, ca*tand Hg’* vhich
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must also be similar. Furthermore it would be necessary to assume
that,thé internal Na+ and K* concentrations are alike and elso the

Ba++. catt

s and Mg++. These assumptions are unlikely to be true and
therefore membrane potentials, though no doubt contributing something
to the results, are unlikely to be the main explanation. We are
therefore left with Donnan potentiaels which may well be respohnsible, |
for with Donnan potentials one would expect ions of similar valencies
and activity cbefficienés to have similar effects at the same
concentrations,

| Since at 0.1N concentration the chloride ions were all in the
samé concentrations, the P.D. effects can be aseribed to cationms,
with anions as the fixed charges.

Thg following Table 10,7 shows the potential existing between

Donnan pha#es of va;ipus activities and warious concentrations of KCl

.and CaCl, solutions corrected for activity,

2




TABLE 10.7

Mill2 =~ equiva
Donnen Phase Activityl 0.1 | 1.0 10 100 1000 | 10000 1lent/1itre
Cone of KC1.0001N | ~12.5 | =59  [-116.7 =175 | =233 | -290 )
001N |[-1.2 =12,5 (=59 =117 | «175 | -233
OIN. | o 1,3 [|=13,3 -80.5 | =118 | <497 P.D. in
KT 0 [-1.55 | -15.3 | 64 | -122  Tllivolts
Donnzan Phese Activity 0.1 1.0 10 100 | 1000 | 10000 mi11i~ equiva
lents/1itre
nggl"f .0001N |=6.25 | =29.25/-58.5 | -87.5 | 116 | -1is
2 0001N "007 "'6_08 "3005 -5905 -88 -11?.5 (B)
01N 0 =0.78 [ =7.7 -32,25[ <61 =90
N 0 0 -1.12 | =10 «36,2 | <65
TABLE 10.8
Activity of Donnan Phases
between which P,D,exists 0.1 & 1 1& 10 10,100 100 & 1000
«0001N 46,5 «57.7 - ~58 «58
a (+35) (+11) 0 I 0
I;° +COTN “11,2 V| -46.5 V| 58 V| 58 WV
S (+10) (+34) | (+11) |‘ (+1)
e 0N -3 V| -12.0 || -47.2 V[ -57.5 ¥
g © (+1) + (+10)) (+33) | (+8)
3 N 0 vl =ress V| w9 W




t:t'iv‘i‘ty of Donnan Phases ,
tween which P,D. exists| 0.1 & 1 1& 10 10 & 100 100 & 1000 (B)
“ +0001N «23 -29 «29 -29
° (+17) (+6) 0 o |
3 Q0 -6 TH =23 Y .29 29
i - +5) || @6 || (s o |
‘ggﬂ +O1N -1 MR T / | 29 V¥
g3 | (+1) (+6) (+15) | (+3) |
S N 0 VI a1 V] 9 vV | 26 V
Activity of Donnan Phgses A
between which P,D. exists | 0.1 & 10 1 & 100 10. 1000
o +0001IN | <104 -116 -116
° . (+146) (+11) 0
§ «001N -58 Y «105 ~116
e (+45) || (346) (+11)]
| 1
24 +01N -13 v <59 Vi <105 '
$ & ) || Gy || G
3 N -2 VI .5 V] 62
Activity of Donnan I;hases
between which P.D, exists | 0.1 & 10 1 & 100 | 10 & 1000
~ «0001N =52 =57 «58
: (+22) (+5) (0
k3 «001N 30 V[ =2 Yl 8 Vi
© (+23) (+21) (+5)
] F{\l — 7
-fs 01N -7 Y| -3 -53  \
28 6) || “Gan|| (e18)
38 R 1 V][ «0 V] .m0
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Consider if we are dealing with only one Donnan phase at either
top or bottom of the shunted region. If the external.medium was diluted,
therewould be changes in potential which would be small at the more ‘
concentrated concentrations and larger between the more dilute reaching a
maximum of 58mv for a tenfold change in KCl concentration and 28 mv for
CaCla. The actual effect observed was a large change between the more
concentrated and small changes between the more'dilute.

Table 10.8 shows the potentials existing between pairs of
Donnan phases, as though the pathway of least resiatance was through
Donnan pheses of differing exchange capacities at the top and bottom of
the shunt, whose potentials would be opposed. Also shown in brackets
are the changes in potential on changing from one shunting concentration
to another. These show that at certain Donnan phase concentrations the
potential changes would be greater between more concentrated solutions
than dilute,

If the upper phase had the greater activity, upon application of
the shunt, the apex would become more negative, Upon dilution of the
shunt this negativity Qould increase, This is not what experiments
have shown. The reverse, when the apex would be positive on application
éf the shunt and yet more positive on dilution is also not found,

This enigma it is suggested, is due to the shunted area
contributing a large negative potential to the apical P.D.; before

the application of the ehunt. Considering just the shorting out effect,
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when the shunt is applied the apex will become more positive., If the
upper phase has the greater Donnan activity then this will generate an
apical negativity opposing the sbove. Assuming the positive potential
to be greater, the overall potential will be positive. Upon dilution

of the shunting medium the negative Donnan potential will increase and

thereiore the measured positive potential decrease.

This also would explain why one gets positive effects with

concentrated KCi solutions and the negative effect with the dilute.

Considering the Donnan phase activities to be 1.C and 100

- millequivalents per litre and the shorted out potenfial as «50 millivolts,

With CaCl, solution (Table 10.8D) the P.D. changes would be:=-

cone ‘Theoretical Actual experimental]
_ P.D.change mv_ ~ value mv.
0.0001N -7 -5
0.001N -2 )
0,018 +19 +15
0.1N +‘00 +35

The agreement is very close.

' However witg:KCI golution the respective values are, from

Table 10.8.C:-

c Theoretical Actual experimental
one P.D, change mv values mv
0.,0001N ~66 -8
0.001N =55 -6
0.01N =9 "
0.1N - +35 +10 .
In this case there is a considerable divergence. In fact,

vhatever values are chosen for the Donnan phase activities, the effects
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with KC1 will alvays be greater than with CaCl,, yet in the
experiments the reverse was the case., Also the resultswith FeCl3
are not explicaeble as Donnan potentials, for, since Donnan potentials
generated with a trivalent cation will be smaller than any of the
others, the overall potential should be more positive than the others.
experiments have showr that the potential change is always negative.
It is suggested that with CaCl,, the permeability to chloride
ions is zero and the potential, a Donnan potentialy with KC1l, the
permeabilifj to chloride ions is not zero, and the potential is a

‘sifiple membrane potential.

| We have evidence that this may be the case for KCl, from the
experiment reported in Chapter 4 which investigated the irfluence of
changes in the concentration of the KCl contact medium at the apex of
a éoleoptile. This showed that there was a 22 millivolf change per
tenfold change in the ECl concentration over a rangs of concentrations.
If the permeability to C1” was zero this value would have been 58
millivolts, at least in the more dilute.

‘Since the apical region of the coleoptile forms the basal part
of the shunted region, we may use the experimental values obtained
before, to calculate vaiues of the p&tential change in the upper
region of the shunt. The results of doing this are seen in Figure 10.3.B.
(1) 1s the line for the coleoptile apex. (2) is the line for the

experimental P.D. change on application of KCl shunting media. (3) is
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(]

the theoreticel line for the P.D. change in thelshunt.upper region,
This line has a slope of 27 millivolts/tenfold KCl change. The
positivity increases with dilution confirming the greater relative
cation permeability, &also, since the slope of the upper region is
8lightly greater than that of the basal, so also must be its relative
cation permeability,

Since the P,D. of the seedling we measure before the application
of shunts is approximately zero, if we allow for the 50 millivolté change due t
to the shorting out, and the P,D. change at the basal region of the shunt,
then the resultant P.Ds; will be that of the uppep region with respect to
the shunt. This in fact has been done in producing (3). This indicates
that the P.D, of the upper region is considersbly greater than that of
the lower at all concentrations, and bocausevthe permeabilities are not
very différent; this indicates that the ion concentration of the upper
reglons of the shunt must be greater than those of the basal, This
bears out the result with CaClZ, vhere the upper region had the

' greater anion concentratiom.

With the FéCl3 solution, the effect is ascribed to a emall
permeability to the ferric and ferrous ions with a parger permeatility
to the chloride ions. This is borne out from one expariment upon

changing the concentration of FeCl3 vhich gave the result

TABLE 10.9
Cone P.D. change
0.1N ' '9 i)'

0.,01N -1 mv
0,001 +1 mv
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i.e. the opposite effect to CaCl2 and KC1l but what one might expect
,1f the membranes afe mbré permeable to anions than to cations.
CONCLUSIONS
The changes in potential produced by shunting are ascribed to
the préduction of membrane potentials. In the case of calcium chloride
and felated salts, there is low permeability to the anion and the
potentials aspproximate to a Donnan_potential. The anion concentration
in the gpical region has a value of approximately 100 mille~-equivalents/
litre, stout one hundred times as large as the basal region of the
chunt. -
: with.KCI the permeability to Cl~ is increased but that of K
ié gtill greater, The ion concentration in the upper region of the
shunt is greater than that in the basal, The suggestions with regard
to KC1 and Ca.él2 are in agreement with #hg accepted effects of these
salts on protoplasm (See Heilbrun 1943).
With FeCl, there is lower permesbility to Fe'** than to C17,
Although hitherto, the potential c@aqge has been related to the
activity coefficient, and though this rela@ionship will hold for a
single membrane potential,.the relationghip in these experiments seems
to have been largely fortuitous, for with both CaCl., and KCl a

2
similar result would have been obtained without any allowance for

3

activities.
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More information upon ion upteke was sought by the use of
radio-active tracers.

A Cat seedlings weie grown exactly as before, In the first series
of experiments on P32. they were then placed one through each of
sixteen holes in the bases of polythene drinking tumblers. Unfortunately
the difficulties of efficiently sealing the bases of sixteen seedlings
with vaséline, were so great, that after several experiments had been
ruined due to shorting medium leakage into the growth medium, the
method’ was abandoned, and recourse made tc plants mounted individually
in inverted polythere bottles as described before.{Second and third
experimental series),

For the firat serlies of experiments, after the plants had been
placed in the growth medium contaiqing P32, with the various "shunting"
solutions in place, for 24 hours, they were divided into portions.

The separate fractions were weighed and then they were digested in

5 millilitres of boiling 10% nitric acid for four hoursy the volume
was thén made up to 10 millilitres and the radio-activity counted in
a Veal 1iquid counter tube (Mullard 124/01), The count was then
expressed as rate/grm, fresh plant material. This was unsatisfactory,
in that, or the mid-reglons vasaline was present, so later each result
was expressed as rato/plant.

45

In the second series of experiments éa was used in the growth

medium and in the third series 05&5 and P% were used simultaneously.
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In all these cases, the plant parts were separated and digested as
above. The volume was then made up to 5 miililitres of which one was
withdrawn, placed on an eluminiwm plenchet, dried, and then the
radio-~activity countqd.

In ell cases the results have been corrected fbf background and
deé€ay. In most cases the total count was.sufficient to give a standard
deviation of.less than 2,5% on the actgal count (i.e. count exceedé
1000).

Experiments of the first Serdes.

The P32 growth medium was made up from 100 millilitres of
Shive's solution to which was added 0.5 mls of a P> golution, This
had been prepared by adding the supplied 1.65 mls of carrier-free P2
phosphate sclution in dilute hydrochloric acid, activity 1 millicurie
to 10 mls of distilled water, The P°C activity present in the 100 nle
of Shive's solution was therefore §1;§:%§?} millicuiries,

In this series of experiments, Mgsoh was often used as a shunting
medium as it gave a slightly greater poait1§e potential change than
MgCl, and 4t was thought undesirable to use CaCl,, as later ca’

experiments were to be carried out.

Experiment 1,

To compare the uptake of P°C by plants shunted with N MgS0,, with

unshunted plants,

The plants were divided into three regions after treatmentie
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(a) Portion of leaf above the shunting liquid.
(b) The plant tissue within the shunted region.

(¢) .The plant tissue below the shunted region including the
grain and the roots.

The results are shown in Table 10.10.

Analysis of the results.
lThe P32 content in all regions of the shuntgd’plant is lower

than that in the control. As could be expected, the basal regions
contain'more 1-”}2 than the apical,

Since N Mgsok is rather concentrated it may have affected the
tissues bsmotically, s0 the next experiment made use of a more dilute,
solution.

Experiment 2,
To compare the uptake of P32 by plants shunted with 0.1N

MgSOh, with unshunted plants,




T4ABLE 10,10

Background = 280/20 min = 14 cpm

N MgSOL’ shorting medium = 296/20 min = 14,8 cpm

- Corrected for 5 days decay.

4 No.

Regions Wt. of ‘ Count per Counts per
Shun’e of of | Plamts Atual  minute per | minute per
Plants Plants in Mgs Plant grm fresh wt.
Control Besal 7 k25 13,245 1,214 29 y 870
Region /2 mins
Plants Shunted 7 310 €,069 108 4,110
Region /10 mins
Unshunted | Apical 7 210 1,504 25 1,661
i Region /10 mins
Plants Basal 8 470 11,419 912 31,070
Region /2 mins .
Shunted Apical
with Reglion 8 140 819 75 861
N Mgso, /15 mins
Shunted ‘ T
with Shunted 8 Loo 6,184
N Mgs0, |Region /10 mins | 96.5 3,800
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The results of this experiment are shown in Table 10,11,

Analysis of these Results

It is difficult to discern any differences between the control
and treated plants with regard to the P32 uptake, However the uptake
of P32 in this experiment is much greater than that which occurred in
the previous one, indicating that although growth conditions were
controlled as closely as possible it will be difficult to make valid
compariscons of the actual magnitudes of the activities taken up in

the successive experiments.,

Discussion of Experimental Results




TABLE 10.11,
Background, 831/60 mins = 13.7 cpm.
0.IN MgSO, shunting medfum = 138/10 mins = 13.8 cpm.

Corrected for 7 days decay.

Shunting Regions| No. of Wt of " Aetual |Counts per Counts per
Solutions of Plants, | {"lants. Count, minute per minute per
applied. Plant. - | Mgs. plant. gramme fresh
weight,
Unshunted Basal 4 1 300 12,204/ 2080 27,810
Region 4 270 12,205 2080 30,890
Control Shunted| &4 220 6,829/ L6y 8,18
5 mins, -
Plants Region 4 220 8,256 555 10,200
/5 m;
Upper 4 150 5,941 395. 10,730
Region / 5 mins.
A 90 3,085 208 8,971 ‘
/5 mins. o
Basal 4 280 11,096 1892 27,070
/2 minps.
Plants Region | &4 270 13,809 |2360 34,950
: /2 mins,
5 280 31,736 1735 30,980
/5 mins.
Shunted Shunted | & 160 5,953 405 10,080
with Region | & 220 17,222/ |585 10,640
. 10 mins.
D.IN ‘ = 5 220 15,843/ (430 9,777
10 mins.
- MgsSo, Upper 4 160 8,300/ |280 6,987
* 10 mins,
\ ' Region b 80 3,092/ 206 10,340
: ‘ S mins.
5 120 8,118/ 225 - 9,109
} % 10 mins,
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The experiments have shown so far that placing a liquid shunt
around an Ozt seedling may lead to a reduction in P 32 upteke when
compared with one without cuch a shﬁnt. This difference is not
‘marked. Since by shunting, the area of leaf éurface available for
transﬁirétion will be considerably reduced, one would expect the
transpiration stream up the xylem vessels also td be reduced snd
therefore the tramsport of ions up the plant. .Perhaps their uptake
by the roots could also be reduced, Therefore tﬁe result obtained
is perhaps that which we might have expected..

An experiment was now carried out to see if there was any
"significant reduction in the size of shunted plants when compared
with normal,

Two batches of 15 plants were prepared iﬁ the usual manner,
one batch was shunted with O,INKCL and the other left empty,

48 hours later tﬁe planis wvere harvested and thelr sizes compared
using Student's tcmethod for small samples. The results are shown

in Table 10.12.




Overall plant length. Empty Shunted with
(Base of grain to Control. 0.INKCL
primary leaf tip). ,
: 15.6cms. 15.5 cus.
+ 1,002, + 0.7,

10.25.

TABLE 10.12.

Not Significant,

Tength of 2nd leaf, - 11.15 cms. 9.06 cms.
i(Base of grain to 2ndry + 1.48, + 0,63,
leaf tip).

Significant at the 1% level.

Analysis of Results.

" The 2nd leaf was immersed intthe shunt and this has caused
a significant reducticn in its size, due presumably either to
oxygen lack or to a reduction in translocation of essential
materials because of the lack of transpiration.

This suggested that in subsequent expériments more significant
regults might be obtained if the leaf tips were suv-grouged |
accqrding #o size, The area of primary leaf not immered in the
shunt will vary apcqrding to its length andvﬁence the magnitude
of @he tfgnspiration.stream will a&éo vary.

».Thg‘groups chosen for the next experiment were £-
(A) Bases of all plants,
(B) Shunted regions of all plants,’

(C) The primary leaves of plants in which the secondary leaves
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had grown up abovetthe shunting liquid surface. It seemed that
in these ceses the growth of the primary leaf was . low or gzero,
(D) Sécondaﬁy ieaves which had grown up above the shuntiﬁg liquid
éurface. | |
(E) Primary leaves O to 3 centimetres above thershunting liquid
surface, | ) ‘

(F) Primary leaves 3 to 5 céntimetreé Above the shunting liquid
surface. |

(G) Primary leaves over 5 centimetres above the shunting liquid
surface.

Since this grouping g;eatly complicates the results, the

next three experiments, the corrected‘activity per plant ;uly

has been recorded.

Experiment 3.

To compare the uptake of P 32 by plants, shunted with

0.IN MgS804 solution, deionised water and with untreated controls.
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TABLE 10,13,
Background, = 2096/160 min = 13.1 cpm.
0.IN MgSOl shunting = 162/10 min = 16.2 cpm.
Medium. ‘ '
Deionised water shunting = 148/10 min = 14,8 cpm.
Medium.
{Basal Shunted | Primary Primary | - Primary Primary
Region Region leaves leaves leaves leaves
A'. Bbﬁ ) c. E, F. G. .
Control. |1802 cpm | 568 197 88 237
plant. .
Shunted (1370 453 184 1.1 50
th ' ‘
+IN
gSO’-h
hunted : :
rith 1468 5320 238 5.75 93 cpm/plant
eionised
ater,

Activity reported is in counts'per minute per plant.'

Analysis of Results.

It is difficult to draw any conclusions from this experiment

except that with increase in size of the primary leaf the greater

has been the uptake of P 32, There is again a tendency for the

untreated control to have the greater P 32 content as suggested

%efore, but 1ittle can be said of differences between the plants

shunted with deionised water and O,IN Mg8OL solution.
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Experiment 4,

This experiment was to confirm that the reduction in P32 uptake
shown by shunted plants is independent of electrical potential changes
induced by the presence of the shunt. To this end,Delonised water,
which we have shown has only small and non predictable effects on the

potential gradient, was used as shunting medium.

TABLE 10,14,

Background 12.8 cpm

Basal [Shunted |Primary |Secondary| Primary |Primary |
Region |Region |Leaves Leaves | Leaves |leaves
' | A B c D F G
Fontrol 2140 | 540 293 1% 163
Shunted with
Deionised 1335 | 444 - 269 8 177 149
ater ,

Analysis of Results.

Again the untreated control has a h;gher P32 throughout. It
was dec;ded in all subsequent experiments to use deionised water
"gshunted" plants as controls.
Experiment 5. ’ ’ ’

To compare the uptake of sz by plants shunted with a medium
which increases the positivity of the apex (0.1N MgSOh). wvith a

medium which decreases it (0.1N FeClB) and with a deionised control.
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MgSO,
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TABLE 10,15.
Background = 133/10 mins = 13.3 cpm
FeCl, Shorting medium 143/10 min 14.3 cpm
' 647/50 min 12.9 cpm
Deionised water Shorting Medium 144/10 min 14,4 cpm

Basal | Shunted Primary | Primary frimary Primary
Region | Region | Leaves |leaves | leaves| Leaves
(A) - (B) (c) (E) (F) (G)
Shunted with 1218 _
Deionised / 380 214 155 90 76
Water gllm :
ant
Shunted with
PN 2028 337 137 30 58 124
SO"+ :
unted with
1IN 2270 b1 183 70 39 113
eClj

Analysis of Results.

No consistent picture emerges from these results,

It was decided in future to use individual plants for the

experiments rather than the groups of 16 arranged in one polythene

vessels
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EXPERIMENTS OF THE SECOND SERIES.

In the following experiments on Caus, plants in individual
pots were used. Also planchet counting was us;d, for thg/&3 energy
of the Caus is too low for efficient counting with the liquid method.

The Ca"}5 growth medium was made up from 160 millilitres of
Shive's solution to which was added 1.0 milliliﬁres of a Ca45
solution. This Ca45 solution had been prepared from the supplied
1.05 millilitreg of Ca&s solution, containing a total activity of
one ﬁill&curie. apd 10 millilitres of distilled water.

- The Ca45 activity present in the 100 miililitres of Shive's
solution was therefore (1;%:% millicuries,

‘ The plants used in the experiments were selected for uniformity.
Seedling heights were carefully measured before and after'the
é&periments and the results, for individual plants within one
experiment, are strictly comparable, for the heights aﬁd subsequent
growth vere sigilar in all cases.

| In these experiments the plants were divided into three portions
only, for determination of the (':alt5 upteke, namely,

(a) Grain, roots and region of coleoptile below the
‘shunting medium.

(b) Tissue in the shunted region.

(¢) Primary and any secondary legves above the level of the
shunting liquid,
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Experiments 6 and 7

To compare the uptake of Ca ' by plants shunted with 0.1N
MgCl,y 0.1N KC1, 0.1N FeCly and with deionised vater.
The results are shown in full in Table 10.16.

Analysis of Results.

In experiment 6, the plant shunted with 0.1N KC1l shows the
greatest” uptake of Cal}5 in all but the mid-region, when it is
displaced to second place. In all but the mid region, uptake by
the deionised shunted plant is least.

In experiment ?, there is no plent showing a consistently -
greater uptake, but in all regions, the plant shunted with deionised

wvater shows the least uptake.




TABLE 10,16

Eipt. 6. Corrected for 82 days decay. ‘
Background. 505/50 minutes = 10.1/min.
Shorting media. MgCl, = 11,305/970 mins = 11.6/min

KCl

= 794/60 wmins = 13.2/Min

Fec13 s 993/90 mins = 11.03/min’
Deionised water = 3242/300 min = 10,81/min.

BASAL REQION | SHUNTED REGION| UPPER REGION
Shunting Actual |Counts/|Actual [Counts/ | Actual |Counts/
edia Counts min/ |Count min/ | Count min/
fl plant plant plant
1 2b,215/ | 747 |7,485/ 231 | 5,193/ -| 215
AN 45 mins 45 mins 30 mins
1 26,325/ | 1235 |9,180/ 287 | 10,405/ 215
1IN 30 mins 45 mins 60 mins
,}‘eC].s 16,667/ | 7m0 [8181/ | 273 | 4,816/ | 168
’ 30 mins 40 mins 35 mins
ionised '15.627/ 619 |go45/ 301 | 2,308/ 87
ater 35 mins 40 mins 30 mins




TABLE 10.16 (Cont'd)
Expte 7 Corrected for 87 days decay
Background 11.6 cpm

Shorting media MgCl, = 3546/295 mins = 12,0 cpm
FeCl3 = 1429/121 mins = 11.8 cpm
KC1 = 17058/1350 mins = 12,6 cpm

Deionised water = 13109/1020 mins = 12,8 cpm.

BASAL REGION SHUNTED REGION UPPER REGION
Shunting | Actual [Counts/ | Actual : |Counts/ | Actusl | Counts/
edia Counts Min/plant | Count Min/plant | Count Min/plent
PN 22,186/ {2120 13,389/ | 303 4596/ 85
‘ 12 15 mins 60 mins 65 wins
)N 12,222/ |15 | 253/ |35 |6/ | 61
Cl 10 mins 10 mins ' 30 mins
0,1N osko/ 905 7961/ |36 |27t/ |1
FeClB . 15 mins 30 mins 20 mins
ionised | 7908/ 746 2043/ 277 wz2/ | %2
F:ter 15 mins 10 mins ' 30 mins
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Experiments of the third series.

In this series of experiments Cax"'5 and)P32 were simultaneously
supplied in the growth medium.

The respective /3 energies are
/ -

P32 energy | (M.ev) —
max 1. 718
av OC 695

cat mex | 0.255
av 0.08

Thus there is a big difference in their;/é? energies.
From a graph of Energy (Mev)/Range in Aluminium (Hg/en?), it is seen
that all//z? particles of energy below 0.35 M.ev will be absorbed by
100 mg/cm of aluminium (Principles of Radic-Isotope Methodology by
G.D. Chase).

An absorber of 116 mg/cm2 aluminium was used and the following

experiments carried out on samples of P32 and Caks.

TABLE 10.17.
Without With % transmitted after
Absorber Absorber background correction.
P2 | 9558/min 4655 /min Lo
ce®? | 80,331/min 3%/min 0,045%

The technique therefore was to count the sample with the

absorber in place, from which the P32 activity was determined, and
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then without it, ihen, by subtraction the Ca‘+5 ectivity was given.

48 in the previous Caaz“5 experiments the‘seédlings were carefully
selected for uniformity and the shunting media used were given 0.1N
 MgCl,, O.IN KC1, 01N FoCl, and deionised water.

The growth media was made up from 100 mls of Shive's solution,
the same voiumes of Ca45 and P}2 solutfons being addedAas for the
individual P°° emd Ca'® growth solutions deseribed before. It

therefore contains the same Ga‘u5 activity as the previous Cetk5

growth
medium and the same P52 activity as the previous P32 solution.

Experiments 8, 9 and 10.

To compare the uptake of P2 and Ca' by plants shunted with

0w 1N MgCly, 0.1N KC1, O,TN FeCl, and with deionised water.

The results are shown in full in Table 10.18.




TABLE 10.18.

Expt. 8. Background = 11.6 cpm.
P2 corrected for 12-16 days decay.
Cef*5 corrected for 91-95 days decay.
Region | Actual ) Actual > Ca?
Shunting of 1 Count E Count activity| activity P}Z /
ftedium Plant With without counts counts 45
‘ absorber | absorber | per min/| per min/| Ca
plant plant
0.1N Base 18,849/ 3851/ ko6 L35 0.93
* 155 mins 11 mins
MgCl Shunted | 2167/ 2349/ 106 112 0.95
2 15 mins 60 mins
‘ Upper 609/ IREEVS 25.1 12.9 1.95
33 mins | 120 mins
Base 8025/ 4,352/ 352 338 1,04
0, 1N 72 mins | 10 ming .
Shunted | 2274/ 2102/ 95 8o 1419
L}(ﬂl 20 mins | 60 mins '
Upper 66180min 1600/;?|}ns 38,5 27.6 1439
Base 3481/ 7803/ b7y Lho 1.07
041N 30 mins 15 mins :
Shunted | 3501/ 1832/ 8s 55 1,54
FeCl 4% mins 60 mins
> Tpper | 1448/ 6053/ 13.5 12.8 1,05
99 mins 230 mins
. Base 12,736/ 11,417/ 717 636 1.12
Deionised | . 75 mins 15 mins
Shunted | 2546/ 3126/ 82 79 1.0k
Water 25 mins 105 mins
Upper 22LL/ 1645/ 23.7 4k b 0.53
130 mins 4O mins




TARLE 10.18 (Contd)

Expt. 9. BaCkgronnd = 11.6 cpm
P32 corrected for 20 to 22 days decay
Ctah5 corrected for 99 to 101 days decay.
. ~ N
Actual Actual P}" Ca”

Shunting Region Count count Activity Activity P32 /
LR n of with without counts peyy counts per 45
eglon. [ pyomt Absorber | Absorber | min/plant| min/plant | Ca

Base 1944/ 2b4oy/ 500 bsh 1.1
DN 20 mins 5 ming
: Shunted 1245/ 6972/ 61 52.5 1.16
Mgc12 4? mins | 91 mins
Upper 1273/ 4119/ 1.5 7.8 1.8
191 mins 190 mins .
Base L310/ 19800/ 260 274 1.33
Do 1N 55 mins 60 mins .
Shunted 1377/ Lo82/ 79.5 87.5 0.91
k(el 60 mins | 45 mins
' 100 mins | 100 mins
Base Lo26/ L5257/ ko7 k2s 0.96
D, 1N 4 mins | 101 mins :
Shunted | 922/ 1226/ 63.5 81 0.79
Fcnj- 45 mins | 15 mins
Upper 918/ | 1263/ 14,6 37 0.k
; : : 65 mins 31 mins
L Base 11092/ 15373/ - | 435 314 1,38
Deionised 120 mins | 40 mins i
‘ Shunted 1702/ oughL/ 97 84 1.15
Water 60 mins | 95 ming
S Upper | 1863/ 2590/ | 47 24 1.95
F 96 mins €0 mins




TABLE 10.18 (Contd)

Gal}s = 880 cpm

o P s

9' 1.2 .

Expt, .10. Background =.12.0 cpm .
P32 corrected for 52 days decay
Cal‘5 corrected for 131 days decay
Region Actual Actual Pi‘ Cajrs >
{Shunting of count count Activity Activity P3 /
with without counts per| counts per
- [Reglon . Plant Absorber | Absorber | min/plant | min/plant Caks
Base 2010/ 23569/ 1855 1110 1.67
0, 1N 25 mins | %0 mins
Shunted| 1393/ 3570/ 299 148 2.02
h«gcla 60 mins | 30 mins
Upper | 3977/ 1815/ 118 Sk 2,19
240 mins | 35 mins .
Base 2006/ 15598/ | 1850 1101 1,67
De 1N 25 mins 20 mins
Shunted| 4925/ 10823/ 372 - 76 2.11
KC1 190 mins | 130 mins
‘ Upper 262/ 1838/ 181 47 3.85
140 mins | 35 mins -
Base Ls4g/ 5498/ 1731 956 1.81
D. 1N 60 mins 8 mins
Shunted 2050/ 2399/ 364 70,5 5.17
FeCl . 8C mins 30 mins
> Upper 1017/ 11339/ | 128 56 2.28
60 mins 210 mins
Base 1248/ 7782/ 1931 1081 1.79
Deionised | 15 mins 10 mins
Shunted| (135 mins/[ 70 mins/ | 257 85 3.2
later (2925 [ 5582
Upper 14416/ 1173/ 85 36 2¢35
‘ 940 mins | 30 mins
1cc growth medium  P°° = 1056 cpm
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The® results are complicated and it is difficult to determine
any clear patterﬁ. In en attempt to simplify matters, the relative

order of uptake of the Ca'® and of the P2 ions, with the different

shorting media, are listed below, for ali the reported Cah5 experiments
‘and for the three above P32 experiments.,
TABLE 10.19.
Ca45
Base Region Shunted Region Upper Region
Expte ‘|6 |7 |8 |9 |10 6 |78 |9 |10 617 9 |10
12 2 1 (3|11 4311141 212 3|42
Cl 112|442 21212 1153 113121113
‘ eC_l.3 313|224 1114 (314 31141271
edon  f4 | 4|13 |3 114|353 ]2]2 Ll ja]|3]4
L:rerage_: ) K) Fe) Deton. K Deion ) Mg ) Fe K )Fe ) Mg ) Deson
p2e
Bese Region Shunted Region Upper Region
Expt. 8 9 10 8 9 10 8 9 |10
Escla 3 1 2 1 4 3 2 L 3
- [KC1 b b 3 2 2 1 1 2 1
r'ec13 2 3 b 3 3 2 4 3 2
 [Deion 1 2 | 1 b 1 4 3 T |4
Average Deion> Mg> Fe> K K> MgaFe ) Deion K> Deion/ MgaFe
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The major conclusicn that can now be drawn from the results is

that with both P32 and Cal+5

there is a greater uptake into the upper
regions of the plants when the shunting medium is KCl than Qhen any of
the other shunéing solutions are used.

This upteke cannot be dependent on the measured changes in the
primary leaf/base electrical potentials that are brought about by
shunting, for KCl only slightly increases the positivity of the tissue,
whilst MgCl2 greatly increases it and deionised water has little effect,

The results in the basal region can probably be ignored as small

1differences in the area of root would, with the method employed, |
markedly affect the results. The root sample was blotted before
digestion but there must have been variations in the "carry over" of
the active growth medium,

Having shown that there is no relationship between the measured -
potential gradient between the tip and base of the seedling and the

uptake of P32 and Cexl*5

y it is necessary to consider by what means the
presence of the shunt may bring about the alterations in the uptake of

ions that do occur.

1. The shunt may lead to a decrease in the transpiration stream
by reducing the area of leaf exposed to the air. This would lead to &
decrease in the transport of water and perhaps ions up the plants and
therefore perhaps a decrease in ion uptake. This seems to be a definite

effect but then there should be no difference in uptake between the
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different shunting media if it was the only effect.

25 The shunt could provide an easier pathway for ions than
the tissue, the ions moving either by diffusion (very slow) or under
the influence of the admitfedly emall.potential gradient between
the ends of the shunt, generated by tﬁe bio~electrical activity of
the tissue. This should lead to an increase in ion upteke,

3+ Ions jaken up by the roots could leak out into the shunting
medium iﬁ preference to passing further up the plant tissue, and be
lost to the plant, leading to a reduction in ion transport to the
upper regions,

4. Ions composing the shunting medium might be absorbed,
so reducing the absorption of ions from the growth medium,

If any of the three aﬁove suggestions were correct one would
expect to find tracer material in the shunting medium, for in the
first, the medium is the actual pathway, in the second, there is a
leakage into the shunting medium and in the third, one would ekpect
Boﬁe‘tracer to enter the shunting medium if ions can so readily
pass into the tissues. Howeger, in all cases, the shunting media
hardly show significant activities above background..

TABLE 10.20.

Shunting Media Count/minute above . Shunting mediun
' background/ml — :
FeCl . 0.2 cpm 0.9 cpm ~ 1.3 cpm
MgC12 Ot cpm 1.5 cpm ~
KC1 1 cpm 3.1 epm
Deion water 1.2 cpm 0.7 cpm
Mgsok 0.1 cpm 3.1 cpm




10.37.

Furthermore, substantial movements of ions to or from the
tissue into or out of the sﬁunting medium would lead to changes in the
tissue ion'distribution and therefore to permanent changes in the
bloelectric pattern.

Although in the experiments the shunts were applied for only
3 houré, there was never a permanent change in the potentiél due to
the shunt application.

5. The shunting medium might permeéte the cellulose walls
and cause changes in the membrane permeabilities throughbut the
shunted tissues, so modifying one route of upward ion tramsport.

"However, this agaiﬁ would lead to a pormanent modification
of the potential pattern.

6. Trom our experiments it is evident that shunting does
lreduce the rate of transfer of ions from the rooting medium to the
leaf but it hes been remarked that shunting with deionised water,
HgClz and F9013 produces a greater reduction than with KCl solution.

At 0.1N concentrations the ahuhting media-will have quite a
marked osmotic effect, Three times Shive's soluticn plasmolyses
coleoptiles and this 1slosmotically equivalent to 0.14N KC1, to
0.09N MgCl2 and to 0,07N FeClB.

There were never any signs of tissue damege after shunting
but the shunting medium will remove water from the tissue which will

be replaced by water entering the roots, and a w&tér stream, bringing
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ions up the shoot ﬁay be induced by this exosmosis from the leaves.
With deionised water, this effect will not occur.

Although water exchange will be sgall, for the shoot is
covéred with a relatively water impermeable cuticle, any water loss
that does occur, will be greater, the greater the osmotic pressure
of the.shunfing medium, At 0.1N concentratlon the relative O.P's
are KCl1 9.35,'M36i2 5.1 and FeCl3 2.6.

With this theory one would expect the greatest uptake with
KC1 (which we found) and least with deionised water. From our
results however it is difficult to place MgCla. FeCl3 and deionised
water.shunting solutionsAin their relative orders.

' Unfortunately this interesting theory was not emvisaged till
after.the experiments were completed, It could readily have been
. checked using mannitol solutions.

Conclusions

The experiments reported here do not lend positije support
to fhe hypothesis that the measured longitudinal electrical potential
differences of tissues influence the rates of salt uptake into these
tis;uesa Shunting may lead to both changes in the measured potentials,
and to changes in salt uptake, bdut there is no aimple correlation
between the two.

The potential changes brought about by shﬁnting vary with

the partiéular ions employed and are not directly correlated with
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their relative specific conductances.
They are ascribed to (a) a shorting out of the potential
contribution of the shunted tissue to the megsured potential,
~ (b) The setting up of diffusion potentisals, in their
broadest sense, between the tissue and the shunting media, which
contribute to the measured potentials,
The changes in ion uptake reported here are ascribed to
(a) A reduction in transpiration due to the presence of
the shunting medium,
(b) Exosmosis from the tissue into the shunting medium leading

to an enhencement of water movement up the plant.
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CHAPTER 11

A DISCUSSION OF OSCILLATION IN BIOELECTRIC POTENTIALS AND THE'
NEGATIVE FEED«BACK CYCLE RESPONSIBLE FOR THEM.

SUMMARY

Brief details of oscillations in potentials that we have
observed and the conditions under which they occurred are given,
The hypothesis put forward by Scott & Jemkinson (1957 - 1962), to
explain the oscillations they found in bean roots,ié then briefly
described and an attempt is made to apply this to our results. It
is suggested that the permeabilities of membranes, upon which depend
the measured potentials, are themselves dependent on the auxin
concentration gradient existing across them. Changes in auXin
supply or utilisation, or changes in membrame permeabilities
through some other factor, lead to damped oscillations in the
permeability, till a new equilibrium position is attained)which
is dependent upon the rate of auxin supply to and utilisation

within the cells,
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Oscillations are a regular feature of the measured bio-
electric potentials of Oat plants. During this work we have found
that:~

(a) After making contact there are generally damped
oscillations in the electrical potentials measured (Figure 4.1. ).
(b) Changes in white light intensity induce damped
os¢illations in the electrical potentials of chlorophyll
containing plant tissues, (Figure 5.2.B) and also in
coleoptiles. (Figure 7.5. ).
(¢) Oscillations may arise sﬁontaneously during the course
of experiments and may be of a demped or of a régular form,
| fhere are large veriations in the amplitude, from oscillations
that are hardly detectable, that is fractions of millivolts, up to
in one case 25 millivolts. Also the periodicity varies from a few
minutes up to 60 minutes.
‘Scott (1957), Jenkinson & Scott (1961), and Jenkinson (1962),

have developed, from experiments with Broad Bean roots, a theory

to account for oscillations in bio-electrical potentials, They

" suggest that a negative feed~back system exists which is on the

verge of instability. This is composed of a 4 element loop, namely

/Electric Potentials across membranes \

Auxis (No delay so

supply to cell appear as one_
element) Bioelectric

Permeability of cell membranes i

to ions.
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The feedback loops gain is available due to the high
sensitivity of membrane to auxin action.

We afe not in & position to criticize or expand this theory
but it seems that some of our results are relevant,

In our work on the light responses of the Oat coleoptile
we noted that light immediately induced oscillations or modified
pre-existing oscillationg in the potentials of the illuminated tissues.
In tissues below the illuminated region the changes took place only
later., This latter change is interpreted as changes in the level
of auxin transloﬁxedto the lower region., The lmmediate changes in
the illuminated tissue are interpreted as changes in membrane
permeabilities; but this will be in the presence of constant
external auxdn. Therefore oscillatory changes in potential may
arise either dué to changes in auxin supply or may take place in
the presence of a constent auxin concentration.

We also found that decapitation of coleoptiles leading to
a depletion of auxin, led to a disappearence of oscillations.

In another experiment the electrical potential responses
of a double decapitated Oat coleoptile to the application of a
contact and changes in the intensity of illumination were
investigated, The results are shown in Figure 11.1. There were
changes in the electrical potential on application of the contact

and on turning on a white light but in neither case were there
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subsequent damped oscillations. It seems therefore that there
can be changes in permeabilities without the presence of auxin but
tﬁe feed-back mechanism does not function in its absence.

These results are consistent with a feed-back cycle involving
auxin and membrane permeabilities. It is furthermore suggested that
| it is the auxin balance on the two sides of the membrane that
influences the permeability of the mebrane. Changes in either the
cell internal concentration of auxin (Changes in rate of destruction?)
or in external auxin concentration, will set up oscillations in the
membrane permeabilities till a new balance is established, Also
any factor directly influencing the membrane permeability such as
the application of contact media, will similarly set up oscillations.

The suggested fee~-back cycle isi=

/KMeasured potentials are dependent on this,
] .
2

permeability €— —— — ~Light?
Application of Contacts

membrane

Alterations in rate

of auxin destruction._ _g%Internal Auxin

light? ——= ~— External Auxin
A

/

Auxin supply from ,
otherAregions.

High external or low internal suxin leads to an increase in

permeability leading to an increase in &uxin entry reducing the ratio.
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There will normally be g delicate balance between auxin destruction,
entry, and external concentration and therefore of the membrane
permeability. The auxin balance change and the permeability change
brings about the changed oscillations in the membrane permeabilities.

The above is ahown\as a two element cycle only, which is
quite sufficient to explain the effects but further experimentation
would be necessary to determine exactly how many elements are
involved.

Scott (1957), claims that there is no correlation between
| growth end the potential oscillations, though one would have
expected there to be if the oscillations reflect changes in auxin
balance. o |

However Clark (1935), found that the potential changes in
Oat coleoptiles subsequent to setting up experiments were
reflected in growth rate changes. This point seems worthy of
further investigation.

In conclusion, owr results upon coscillating potentials
are compatible with a negative feed-back cycle involving auxin
and membrane permeabilities., It 1s suggested that among other
things, the membrane permeability is a function of the auxin

concentration difference across itself,
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CHAPTER 12

THE MEASUREMENT OF ELECTRICAL POTENTIALS IN FUNGI.

SUMMARY

After a brief introduction giving reasons for the
meaéurement of the potentials in fungi, unsuccessful experiments
on Basidiomycete fruit bodies collected in the field are
described. Later work on Cellybia velutipes is then detailed
is then detailed. Descriptions of the culture technique used and
of the measuring chamber that had to be developed to overcome
problems of fruit body dessication are given. The experiments for
which the chamber was used are described. Analyses of the results
of the experiments show that it is possible to explain changes in
P.D's with growth as functions,of differential changes in ion
concentrations brought about by differences in growth in the
various parts of the fruit body. The potentials measured are

ascribed to Donnan potentials with an immobile anion.
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This is a description of work upon the electrical
potenticls of some Basidiomycete fruit bodies. Tropic responses
in Badisiomycetes do not in general seem dependent on the
redistribution of a growth promoting substance and therefore
differ from those of higher plants. The individual parts of the
'fruit body appear to respond independently aﬁd it would be of
great interest to investigate changes, if any, in the electrical
pattern under tropic respomses. If a change could be found it
could be ctudied without the liklihood that it was causally
involved in the redistribution of a growth promoting substance
regulating the curvature., Also any modifications of the bio-
electric potential pattern could be assumed to be independeﬁt of
a growth substance concentration gradient, (Banbury 1959).

There is only one published reference to work on electrtal
potentials in fu;‘xgi, Colla (1927), who deals with resting and
injury pdtentials of Basidiomycetes. He used calomel electrodes,
0.9% sodium chloride solution as contact medium and a potentio-
meter circuit to measure the potentials.

Our first experiments on fungi were on exampled of
various species collecfed in the field. They were brought into
the laboratory and the potentials immediately measured. This was

before the development of the flowlng drop contact. The fungal



12.2.

fruit body surface was more readily : wettable than that of the

coleoptile and contact drops could not be formed on the surface.
This difficulty was surmounted by cutting small sgar rings with

cork borérs and placing these on the surface of the fruit body.

The well of the ring was then filled with the contact medium and
into tﬁis the contact was placed, Shive's solution was used as

contact medium.

After these rather unsatisfactory experiments, the work
on fungl was left for some time until the following observations
were madea

These new experiments were on Collybia velutipes fruit bodies using
flowing drop contacts. In its young stage Gllybia shows both photo
and geo responses. It is readily grown im culture on 2% Malt agar
and as léng as the tempsrature does not exceed 20°C and occasional
light 45 given to the cultures to initiate fruit body formation, no
trouble is experienced in producing suitable fruit bodies. Aftér
fruit body initiation temperature and illumination are of no
consequence. To facilitate experimentaticn the cultures were grown
on 1" specimen tubes completely filled with agar, inside sterile,
screw top jars. All measurements of potentials were made in red
light and Shive's solution was used &s contact medium.
| It was decided to use the mid-region of the upper side of
the pileus as the reference point and measure all other potentials

with reference to a fixed contect there, The apical contact was
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a flowing drop contact placed vertically and the other contact a
flowing drop contact in the normal horigzontal position. In the:
preliminary experiments measurements were made in the open
lahotatory but within fiftéen minutes of making contact, tﬁe

fruit body had diied out. A humidity chamber was constructed

from F perspex tank lined with moist filter paper but even then
dessication rapidly fbliowed.

The cause was now realised to be the rapid air flow into
the vacuum lines of the flowing drop contacts, over the fruit body
surface. To solve this problem a more refined chamber was made
through which eir saturated with water was pumped. At the same
time the vacuum at the contact tip was reduced to that just
sufficient to maintain a true contact drop., The air was saturated
with water vapour by just pumping through glass coils im a constant
temperature water bath to raise its temperature slightly above -
gmbient; it then passed through a glass column, the air entering
at the base through a sintered glass plate and bubbled up through
water in the column. Also in the column, almost filling it, were
placed 1ooféhs. Tﬁese gave a very large water to alr surface area
and hence sufficient saturation of the air. The air then entered
the experimental chamber. A themometer in the chamber registered
the temperature, which, since the chamber was in a room controlled

at ZOOC : 1, could itself be eontrolled by adjustment of the water



bath temperature., It was maintained at 22°c approximately.
Internal condensation on the faces of the perspex tank was
a problem which had to be solved as it prevented observation when
mgking contact, A thin lantern slide was stuck to the inside
surface by a black "Bostic", rubber adhesive film around its edge,
care being taken to ensure a complete seal. This effectively
solved the problem. The apparatus used is shown in Plate 12.1.
The first series of results are concerned with comparisons
of the resting rotentials of Collybia fruit bodies, with Shive's
solution as contact medium, at different stages of their growth.
These are shown in Fiéure 12.1.A, |
The fruit body is already formed into a head and a stipe
when far too small for any electrical measuremeﬁts to be made,
The stipe elongates and the pileus expandevbut the gills do mot
really begin to enlarge till thg stipe stops growing, then they
inoreese in size and the cap becomes partially turned inside out.
The growth has been divided into two stages, the first with
no gill expansion and the second after the gill expansion, but
within each group the specimens are arranged according to height,
This is more logical them arranging on height alone for in one
exemple the stipe was 25 millimetres long and there was no gill
expansion, and yet in another the fruit body was mature with a

stipe only 7 millimetres 1oﬁg.
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An snalysis of the results shows:-

1. Potentials existing across the pileus surface are
gmall and vary in polarity from specimen to specimen.

2. In all examples the pileus is negative with respect to
the stipe and this negativity tends to be greater in mature
specimens.

- 3, There is a potential gradient up the stipe such that
the upper regions are negative with respect to the lower and with
increase in size of the stipe this gradient increases. There
appears to be an increase in this gradient in mature plants inde-
pendent of the actual size of ﬁhe stipe.

There is disagreement on exactly how growth in Basidiomycete fruit
bodies takes place but it seems likely that much of the growth after
the initial stage involves little addition of new organic material but
presumably some water uptake, Growth may thus lead to some dilution
of the cell contents. If the potentials are membrane potentials,
this will'alter the potential between the tissue and the contact
| due to the change in concentration of the internal iohs. Even if the
potentialé are duerto Donnsn exchangés between the cell wall and
 contact medium, since the same material, after expension, is made
to go further, the lon exchange capacity will ﬁave been reduced,
altering the potential. The measured potential will chenge if the

effects at the two contacts are unequel, which will be the case if
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growth differs in different parts of the fruit body.

When the pileus is rapidly expanding at the completion of
the stipe growth,its potential becomes more negative with respect
to the stipe and as the growth of the stipe led to the upper
‘regions becoming more negative with respect to the lower, it is
suggested that elongation is greater in the upper regions of the
stipe than the lower, This deduction is in agreement with direct
observations on extension growth of marked Basidiomycete stipes
by Bonner, Kane and Levey (1956).

In the next series of results (Figure 12.1.B.) 10% Shive's
solution was compared with Shive's solution, the solution being
changed in concentration at both contacts simultaneously. They
show that with dilution at both contacts, the contact at the
apical regions becomes more negative than that at the basal. A
change in potential upon change in contact medium is indicative of
A diffusion potential in the broadest sense. {Chapter 3e)

Figure 12.2. shows some typical recorder charts for potentials
in Collybia: The most remarkable aspect of these is the coanstancy
of the potentials: There is a gradual increase or decrease in the
potential for the first few minutes after making contact, but the
potential then established remains relatively constant, showing
only very slight increases or decreases, or in some cases no changes

at all, over periods of several hours, This result differs markedly
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from Avena where oscillations, reguler and demped, 'and apparently
random changes in potential are the order of the day.

If the dominant potentials measured are simple membrane
pofentials, then though the permeabilities at the two points of
contact must differ for a potential to exist, as the potentials
2 R A BRI L R L R SR IR S LT AT
together would produce constant potentials but seem imppobable.
It is far more likely that the dominant potentials are Donnan
potentials with the concentration of the immobile ions differing
at the two points of contact, From the usual situation in higher
plants it is suggested that the cell membranes are impermeable to
anions. It is also possible that ion exchanges between fixed
charges in the fungal hyphal walls are involved, which of course
will be independent of membrane permeabilities.,

From our results, we know that growth leads to an increase
in the negativity of growing tissue. We also know that dilution
of contact media at both contacts lead to an increase in negativity
of the previous negative values, and that the upper regions of
a fruit body are negative to the lower.

Conzider two membranes impermeable to anions separating

from the cell cytoplasm two contact media, CM1 and CM2. Let

concentrations of CM1 = CM2 = CM,
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Consider s mono/Monovalent salt

Donnan Donnan
phase phase
ot Cong = = = = = - Cone cna
A1 a2
o Potential Difference of CM1 with respect to CM2, E g:g

"E t0g faleum e

Let A, be the upper region of the fruit body
M1 -
My

o» X is negative.

From our results E is negative

.But this éan only apbly if A2 is greater than A1
<« The upper Donnan phase concentration is smaller than the
lover. When growth takes place, it was suggested that the upper
region i§n concentrations were Qiluted. Therefore B g:; shoﬁld
become more negative. This is the observed result.
Let us nowv consider simultaneous change in contact media
at both contacts, Let original contact media concentration be CM1

and the new concentration Ci2.

Also let CM1 be greater than CM2,

' 2 2 ‘ga
o P.P. change = %2 g g 4CH1 + A1 _10gfM + ucnaa .

n ——
( AZ + CM1 + AZ _ k22 + hCMaz + A2
Y
2

but cm> CM2 and from the previous result A2 ) A1.
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s & more nearly approximates to log %%

and Y more nearly approximates to log %fr:% i.6. to O

o6 Poiarity of P.D. charge is «~ log %% i.e., positive,.

In the experiments with the more concentrated contact media,
the P.D. of the upper region is slightly negative with respect to
the lower (-amv) and with dilution this becomes more negative (-bmv).
oo the change is »a « «bmv = b - amv

But b) a
A Polarity of change is positive, This confirms the theoretical
resplt.

More detailed calculations have not been carried ocut asi-

1. Insufficient results exist.
. 2. Shive's solution is a complex mixture of ions.

However, we may conclude that as the potentials measured are
small, then there can be little difference in the exchange capacities
between the different regions of the fruit body. Also, since
contact media concentration change does have a marked influence on
the potentials, the concentration of the Donnan phase must be close
to the contact media concentration.

No furthep work has been carried out on Collybia due to the
lack of time, though a new humidity chamber which allows a transverse
positioning of the electrodes on the fruit body has been
constructed, with which, in future; it is hoped to study geo and

photo responses,
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Conclusions

| Constant reproducible potentials can be measured between
different parts of the fruit body of Collybia velutines., These
change in magnithdé but not in polarity Hufing the périod of
growth. They show a remarkable constancy and are believed to be
Donnan potentials set up due to immobile anions in the fungal
tissues. The changes with growth are accounted for by dilution

of the Donnan phases in the growing regions.
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CHAPTER

THE DYNAMIC CONDENSER METHOD OF MEASUREMENT OF ELECTRICAL POTENTIAL

DIFFERENCES,

SUMMARY

A detailed literature survey of all papers it has been
possible to locate upon this method of potential measurement is
given. Preliminary unsuccessful experiments making use of the
Vibron 33B are described, and then experiments using a telephone
earpiece and a loudspeaker as vibrators are detailed, These were
also failures.

An original method, making use of a metal plate mounted om
the circumference of a rotating disc, perpendicular to the radius,
is then described, the amplifier circuit diagram given, and some
preliminary results listed. A comparison between results obtained
by this method and by the more conventional electrode/liquid

contact, is attempted.
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If we have two condenser plates connected through an external
circuit and.charged to different potentials, then when the distance
between the plates is altered, a detectable.current flows from one
and to the other through this circuit.

Volta in 1801 and later Kelvin (1898), used the method to
determine the contact potential between different metals and Guyot (1924) and
Garrison(1925) to determine the surface potential of films (The physics
and Chemistry of Surfaces - Adem).

A very sensitive modification of this method paa been
described by Zisman (1932), in which one of the plates is made to
vibrate rapidly along an axis perpendicular to its plate by means of
a teﬁsioned steel wire kept in vibration by an air blast. This
periodically alters the distance between the plates. The oscillating
current flowing between thg plates if they are not at tﬂe same
potential, is amplified and the output fed to a pair of ear-phones
giving an audio signal. ‘

The metals forming the plates are those between which the
contact potential is to be determined. By applying a potential by
means of a potentiometer, the addioc signal can be suppressed when
the applied potential is equal but of opposite polarity to the
contact potential. Zisman published two other pépers in 1939

concerning this method,
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Fink & Dehmel (1936), utilised a similar system and Porter
(1937}, describes a similar method for measurement of contact
potentials. He also derived an approximate solution for the signal
strength arising from the flow of the_current generated, though
the resistance of the external circuit, This is the first of
several different solutions.

Still in this field of applicétion. Frost & Hurka (1940),
describe a vibrating probe for experiments on the electrical
properties of absorptive films.

The system can also be used to measure potentials in much
the same way as with a galvanometer or valve voltmeter. One of the
input leads of the instrument is connected to a metal plate close
to which amother is vibrated which is connected to the other input
lead,

The system was first utilised by Ross-Gunn (1932), who made
use of-the Bemi~cy11ndgical electrodes to which one input lead
was attached. Inside these were rotated, by a small electric motor,
semi-cylindrical inductors comnected by a commutator to the
amplifying circuit,

Paleveky, Swank & Grenchik (1947), give a detailed analysis
of the design and theory of dynamié condenser electrometers and 4in
the same volume Scherbatskoy, Gilmartin and Swift describe an

instrument based on this principle for measuring radio-activity
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in oii well holes. Since then several commercial electrometers
have appeared of which the Vibron 33B is an example. ' Since there
is no through circuit in these instruments other than across the
condenser gap, the input resistance is that of the imsulation.
The D.C. input signal is convertedvinto an A,C. by means of the
vibrating capacitor. This is amplified. After amplification, the
output phase and potential which is preportional to the input
polarity and potential, is fed to a suitably calibrated phase
detecting instrument so that the input bolarity and potential may
be reed off directly. The energy for the A.C. output is derived
from the mechanical energy of the capacitor vibrations and the
output frequency is that of the vibrations.

In 1950, Blih & Scott described apparatus based on these
principles to measure eléctrical potentials in planﬁ tissues. The
plent is comsidered as one plate of the condenser, Close to its
surface is positioned the other plate which is vibrated by means
of a telephone ear-piece. A reversible electrode iz inserted in
the growth medium and the circuit completed through a high resistance,
connected to the vibrating plate, across which the amplifying
circuit is placed. Since neither the plate position nor presentation
area of the plant tissue are constant, the output signel cannot be
made to glve a direct measure of the potential., It is necessary

to use a null method by applying a potential to the plant with a
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pﬁtentiometer till the A,C. output is zero, The applied potential
is then equal but of opposite polarity to that of the plant
surface nearest to the vibrating plate.

Hertz (1960), and Grahm and Hertz (1962), describe a
vibrating plate method that they have used for the measurement of
geo~electric potentials in plants. They claim to get results which
differ from more conventional methods.

Many times during this research a need was felt for a
method of measurement of bloelectrical potentials not dependent
upon the usge of liquid contacts and it was eventually decided to
develop such a system,

The very carliest attempts were based on the adaptation of
the Vidbren instrument as the null detector. The High input lead
had & smell plate soldered on, and this was held in juxtaposition
to the plant, The low lead was connected to a Zn/ZnSOh electrode
in the growth medium, by way of a potentiometer circuit formed from
two decade resistances. These allowed the application of : 0 to
100 millivolts to the plant. Theoretically the plate close to
the plant should have an equal but opposite charge induced on it
by the plant potemtial, This should cause the input plate of the
internal vibrating reed to assume the‘polarity of the plant, giving
an indication on the Vibron scale. By application of a potential

to the plant this reading should be altered and when reduced to zero,
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tke applied potential will be equal in magnitude but of opposite
polarity to that of the plant.

3uch was the theory but in practice no sensible effects could
be obtoined. Applying large potentials (up to 1 wolt), to a plate
positioned near to the input plate hardly influenced the potential,
However the background potential was very high and more careful
shielding migﬁt have been beneficial.: These experiments were
abendoned as there was uore pressing business for the Vibron and
it was thought advisable to develop an independent system.

There is some evidence that the vibron system could be mede
to work, for occasionaily when an experiment has been left running
on the recorder end the contact has broken, there have been changes
to new potential values which have remained remarkably constant for
an open circuit.

The first design of a vibrating probe was based on that of
Blih and Scott (1950) but used an amplifying circuit designed and
assembled by Mr. Lincoln of the Physics Department, Durham College,
in the University of Durham. This had a selective amplification of
frequencies in the 200 to 200 c.pe.s. range. This frequency was
chosen to avoid interference from stray A.C. of 50 c.pe.s. The
motive'power for the probe came from & telephone ear piece driven
at 250{c.p.s. and the output was displayed on a cathode ray

oscillograph (C.R.0.)., The circuit diagram is shown in Figure 13.1.
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This was not successfui, the failure being ascribed to
the very small amplitude of the probe vibrations. Attempts were
made to increase this by the use of a loudspeaker to drive the
probe, but though at 50 c.p.s; the amplitude was over 0.25 inches
at 250 c.p.S. the amplitude was still very small. Using the coil
and permanent magnet of the loudspeeker and tuned lengths of
various materials, it was still not possible to obtain much larger
amplitudes at 250 c.p.S. A reapprisal vas obviously necessary
and this resulted in a system which is believed to be completely
original. |

It was reasoned that 1f the plate was mounted on part of the
circumference of a wheel, perpendicular to the radius, and if the
wheel was rotated in close proximity to the plant, the plate would
be alternately near to and away from the plant. The wave form
of the'A.C. output wuuld be different from that with perpendicular
to and fro.movement of the plate but since a null point method
could be used, this would not matter, for when the potential on the
plant surface was exactly balanced by the spplied potential, the
output would be zero. |

To give the required frequency rate, a rate of rotation of
the plate of at ieast’ﬂB,OOO r.p.m. was required, yet one also
wanted a driving system which would not give rise to electrical

interference. Both these cdnditions were fulfilled by air turbines,
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for which this is a slow speed and which would also give rise to no

electrical effects.

A Desoutter hand tool.was obtained. In the standard form
the air is discharged on to the rotating head but since the plent
would be situated close to this, it had to be modified so that the
alr was discharged away.

From our design, the Durham Science Laboratories Workshop
constructed the plate unit which is shown in Figure 13.2.& Plate 13.1.

The apparatus was completed just before our experimental
work ceased and only a preliminary report is possible. The plate
unit has only been tested in an open laboratory using another
metel plate to simulate the plant., It was found that an alternating
current whose magnitude and frequency depended upon the speed of
rotation, was generated even when no charge ex;sted on the
experimental plate. This, it is suggested, may be due to the
rotation of the plate in the earth's magnetic field, tpough
screening haa;not been tried to test.the suggestion,

Hope for the method comes from the fact that application of
a charge (1 volt) to the plate resulted in a change in the output
which though smail, may, by screening and attention to c;rcuit
details, be adequate for null point detectian.

One question immediately springs to mind when one studies

this method. VWhat is the relationship between the electrical
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potentials measured by conventional electrodes erd those measured
by this method?

liith the vibrating plate system one is measuring the
potential that exists between the two parts of the con@enser, the
vibrating plate being earthed. One measures the surface potential
of the plant with respect to earth. With the conventional
electrode/contact system one measures the potential existing between
the input wires of the measuring instrument,

In both cases, the potential measured is the algebraic sum
of all the potentials at the different phase boundaries in the
systems. Comparing the two systems, phase boundaries being
denoted by, /,

Conventional Electrode

Plant
' . Contact

Zn'/ S0,/ SONYECt / miceue / SomEaCt / gn30,, / 2

(Many phase boundaries)

A

Vibrating Flate

Plant

ontact ,- Metal

Zn /Zn504/6 / Tissue / Mr / Plate

Hedium (Many Phase Boundaries

The two systems are similar to the left of phase boundary HAM
but there are differences to the right so the values given for the
two methods will not necessarily agree. For instance, a Zn/ZnSOh

electrode junction alone has a value of -0.762 volts, and with the
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vidbrating plate eystem, this is not counter-balanced. It however
will be to some extent orposed by the metal plaﬁe/air junction
which from Andauers results (1927), also has a value of about
-0.7 volts. The values of the Plant/air and Plant/contact medium
potentials in the two systems will also differ.

| 1f, however, we are studying changes in potential which are
due to changes within the plant tissue, then the two methods
should give similar magnitudes of change, even though their
absolute values of potential differ.

Application of a vibrating plate system to potential
measurements in plant tissues could provide much interesting
information especially when the data are compared with those from
conventional methods. It is hoped in future to continue the
development of the rotating plate electrode, for not only is
this a unique method of electrical potential measurement, but it
elso offers advantages over any other system bases on capacitative

methods,.




-

CHAPTER 13,
BIBLIOGRAPHY

ANDAUER 519273. %. Physikal Chem., 1927, 125 & 135.
(1928), 2. Physikal Chem., 1928, 138 s 357.
Cited by GLASSTONE, S. (19%0). The Electro-chemistry
of Solutions., LONDON, Methuen & Co. Ltd., 1930, 476 pp.

BLUH, Os end B, I, H. SCOTT. (1950). A vibrating probe electro-
meter for the measurement of biocelectric potentials.
Reve. Sci, Instr., 1950' 21 867 -8,

FINK & DEHVMEL, (1936). Trens. Electrochem. Soc., 1936,
70 s 281.

FROST, A. A. & V. R, HURKA. (1940).. adsorption of vapours at
g01id surfaces and the change of Surface Electrical
POtentials. Je Am. Chem. SOO.g 1940' 62 H 3355 - 33400

GARRISON, A. (1925). A method of measuring the relative surface
charges on electrolytes. ‘
Jo PIWSioal Chem., 1925’ 29 H 1517 - 1522s

GRAHM, L; and C. H, HERTZ. (1962). Measurement of the geoelectric
effect in colsoptiles by a new techniqus.
Phyei()l. Plant., 1962’ 15 $ 96 - 1140

GUNN, R. ( 1932 ). Principles of a new portable electrometer.
Phys. Rev-, 19320 40 307 - 312.

GUYOT, M. J. (1924). %®ffet Volta Metal - Electrolyte ot
couches monomoleculaires., - Ann de Physique, 1924,
10th series, 1, 2 : 506 = 638.

HERTZ, C., H. (1960). Electrostetic measuremert of the geo-
electric effect in coleoptiles., Nature, 1960,
187 :+ 320 - 321. :

KELVIN., (1898). Contact Electricity of Metals.,
Phil. Mag. 1898, 46 1+ 82 - 120,

PALEVSKY, H. R. K. SWANE and R. GRENCHIK. (1947). Design
of Dynamic Condenser Electrometers., Rev. Sci. Inst.

1947. 18 s 298 - 314.

PORTER, E. F. (1937). Monomolecular films of o< Amino steario
acid, stearic acid and Heptodexylamine. J. AmeT. Chem.

Soc., 1937, 59, 2 s 1883 - 1868,




13. 11,

(1937). Contact Potentiels of multilayer films
on metal plates. J. Amer. Chem. Soc., 1937, 59, 2 :
2746,

SCHERBATSKOY, S. A. T. H, GILMARTIN and G. SWIFT. (1947).
The capacitative commutator. Rev. Sci. Inst. 1947,
18 : 415 - 424.

VOLTA, (1801). De l'electricitd dite galvanique.,
Ann, Chim. Phys., 1801, 40 3 225 - 334,

YAMINS, H, G. and W. A. ZISMAN. (1933). A new method of
studying the electrical properties of monomolecular
films on liquids, Je Ch_em. Phyao ’ 1933, 1, H
656 - 661. _

ZIDAN, V. A. (19%2). A new method of measuring contact
potential differences in metals.
Fev. Sci. Inst., 1932, 3 : 367 - 370.

ZISMAN, W, A, and H. G. YAMINS, (1933). Experiments on the
contact potential of Zinc orystals. Physios., 1933,
4:7-9.




EPILOGUE.




Reeding through this thesis one could not
but notice tne-number of ﬁines the words "further
experimentation is necessary",'occur@ Since one of
the objecte of the research set out in the
introduction, wae to cover as wide a range of topics
as possible,. raising questlons about .them rather than
. always finding the answer, it is suggested this-is
a sign of success. - ' ' .
It is hoped in the future to continue with the
work and esoeoially by the use of 1ntraoe11ular
eleotrodes‘conﬁirn“that changes aseribed to alterations

of membrance permeasbilities are in fact due to this.




